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PREFACE

There are incentive indications that the growthof human
population, the increasing use and abuseof natural resources combined
with climate changes (probably due to anthropic pollution, to some extent)
exert a considerable stress on closed (or semi-enclosed) seas and lakes.

In many regions of the world, marine and lacustrine hydrosystems
are (or have been) the objectof severe or fatal alterations, from changes in
regional hydrological regimes and/or modificationsof the quantity or the
quality of water resources associated with(natural or man-made)land
reclamation, deteriorationof geochemical balances (increased salinity,
oxygen's depletion .. . ), mutations of ecosystems (eutrophication,
dramatic decrease in biological diversity .. . ) to geological disturbances
and to the socio-economic perturbations which have been - or may be in
the near future - the consequencesof them.

Seas and lakes are dying all over the world and some may be
regarded as already dead and there is an urgent need to try to understand
how this is happening and identify the causesof the observed mutations,
weighing the relative effectsof climatic evolution and anthropic
interferences.

This book is the outcomeof the NATO Advanced Research
Workshop, held in Liege in May 2003. The Workshop was organized at
the Universityof Liege as a follow on meeting to the 35th International
Liege Colloquium on Ocean Dynamics, dedicated in 2003 toDying and
Dead Seas. The book contains the synthesis of the lectures given by
16 main speakers during the ARW.

The major objectiveof the Workshop was to assemble a dedicated
group of invited and active prominent scientists from various countries
and all disciplines (mathematical modelling, physics, chemistry, biology,
geology, socio-economy and human sciences, including historical studies
of past events and ancient civilizations) to foster a mutually beneficial
exchange of information, opening on to a surveyof major recent
discoveries, essential mechanisms, impelling question marks and valuable
recommendations for future research and management decisions.

The case studies presented range from the seas and lakesof Central
Asia to Australian, African and American enclosed seas or lakes and to
the Dead Sea. These studies provide a time-space synoptic viewof dying
and endangered seas and lakes, all over the world, contrasting what is
happening now, assessing the respective rolesofnatural and anthropic

VB



viii

causes, with what happened in the past and what one might expect to
happen in the future.

The main support for the Advanced Research Workshop was
provided by NATO under the auspicesof the Scientific and
Environmental Affairs Division. We gratefully acknowledge the NATO
panel and especially the Program Director, Environmental and Earth
Science and Technology, Dr. Alain M. Jubier for their support and
constant assistance in the funding and organizationof the ARW.

Professor Jacques C.J. Nihoul



Chapter 1

WHAT DO WE KNOW ABOUT DEAD, DYING
AND ENDANGERED LAKES AND SEAS?

Andrey G. Kostianoy and Peter O. Zavialov

P.P. Shirshov Institute of Oceanology, Russian Academy of Sciences,36 Nakhimovsky Ave.,
Moscow,117997,Russia

SergeyA. Lebedev

Geophysical Center, Russian Academy of Sciences,3 Molodezhnaya Str., Moscow, 117236,
Russia

1. INTRODUCTION

Shallowing and degradationof some freshwater and salt lakes and inland
seas are among majorenvironmentalproblems at the beginningof the
century. 96.5%of theplanet'swater is salty water in oceans and seas. Nearly
70% of the world's fresh water is frozen in the Antarctic and Greenland ice
sheets, glaciers, and permanent snow cover and ice. About 30%of all fresh
water is groundwater. Lakes and rivers contain only 0.25%of all fresh water.
All over the globe, water is being diverted for industrial, agricultural and
household uses. The United Nations announced that about 3 billion people
would face severe water shortages by 2025 if the present consumption rates
persist. More than five million people die every year from water-related
diseases such as cholera and dysentery. Significant desiccation, salinization
and water quality degradation have taken place in many inland water bodies
over the past century. The most striking examples are:(1) the Lobnor Lake
in China which completely dried up by 1972; (2) the Dead Sea whose level
has dropped by 14 m since 1977 and whose present salinity is about 340 gil;

J.c.J. Nihoul et al. (eds.), Dying and Dead Seas, 1-48.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.
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(3) the Aral Sea whose level has dropped by about 23 m and the salinity
increased eightfold since 1960; and (4) Lake Chad which has shrunk to
about a twentiethof its sizeof 1963.

The examples above are the most well-known. However, the complete list of
endangered lakes and seas is much longer. Even theworld's largest
freshwater system, namely the Great Lakes, is shrinking. The 2002 aggregate
level of the five Great Lakes was the lowest in more than 30 years. The
Superior and Huron Lakes are near their record lows. In each specific case,
the water level drop may be a result of either natural climate variability or
anthropogenic impact, or a combinationof the two factors. Thus, an
important goalof research is to assess relative contributions from the two
mechanisms. The former mechanism is connected with global warming,
lower precipitation and smaller snow cover in the basinsof lake feeding
rivers, higher air temperatures resulting in increased ratesof evaporation and
transpiration from plants. The latter one is manifested through anthropogenic
diversionsof water from inflowing rivers. In many cases, mostof the water
withdrawn for agriculture and industrial uses eventually returns to the lake
system in the recharged groundwater flow. However, this is not always so.
For example, Chicago sends its 8 billion liter a day draw on taken from the
Great Lakes system to the Mississippi River and not back to the lakes
(Mitchell, 2002). Uncontrolled fresh water consumption and irrigation pose a
serious threat to systemsof lakes, inland seas and even oceanic shelves
adjacent to river mouths. The watersof the Amu Darya River in Uzbekistan
and the Yellow River in China, withdrawn by farmers, industries and cities,
have practically failed to reach the Aral and Yellow Seas, respectively, for
many years during the past decade. In North America, not only does the
Colorado River barely reach theGulf of California, but last year even the
Rio Grande River has dried before it could merge with theGulf of Mexico.
Similar situation often takes place with Nile and Ganges, for example
(Montaigne, 2002).

The consequencesof desiccationof inland seas and lakes can be grouped in
four interrelated categories:

1). Climatic consequences:local climate change (air and water
temperature, humidity, precipitation regime, wind systems), increase
of climate continentality, desertification, salt and dust storms, etc;

2). Ecological consequences:decay of the sea/lake and river delta
ecosystems, lossofbiodiversity, pollution and salinizationof soils;
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3). Economicalandsocialconsequences:decay orcollapseof fisheries,
fishery-related industries and sea transport, tourism, decreaseof
agriculturalproductivity,growth ofunemployment;

4). Health consequences: poor potablewater quality, increaseof related
disease incidence (e.g., cholera, typhus ,gastritis, blood cancer),
increaseof respiratorysystem diseaseincidence, congenital defects
and high infantmortality.

In this descr iptive article, we address severalexamplesof critical inland
water bodiesall over the world. Here, the term"critical" means that the lake
or inland sea is facingeithera severeanthropogenicpressurein any form or
a rapidchangeof its physicalconditionsdue to climate change . Inparticular,
we present data on the sea/lake levelvariability derived from the
TOPEXIPoseidonsatellite altimetry analysisfor 1992-2002 for the Aral and
CaspianSeas, KaraBogaz-GolBay, and lakesSarykamysh,Balkhash,Issyk­
Kul, Chad, Victoria, Tanganyika,Rukwa, Tana, and others . For manyof
these water bodies, direct levelmeasurementshave been very sparse or
absent. A partof the altimetry datapresentedin this paper, as well as some
hydrographicdata on the Aral andCaspianSeas, are original results by the
authors .However,this article isintendedas a review rather than aresearch
paper. The main partof this report is therefore a compilation made of
information published in literature and on theInternet as cited in the
reference list.

This review was presentedas a report at the 35thInternational Liege
Colloquium on Ocean Dynamics and the NATO Advanced Research
Workshop "Dying and DeadSeas" held on 5-10 May 2003 in Liege,
Belgium. This meeting was aunique forum of scientistsinvolved in the
researchof the Aral, Dead,CaspianSeas, as well as other critical lakes in
USA, Africa, Central Asia, China, and Australia. Thereview is intended to
highlight regional peculiaritiesof this world-wide problem. Some critical
water bodiesof Asia are addressedin Section 2, and thoseof Africa in
Section 3.AmericanandAustraliancritical lakes arediscussedin Sections 4
and 5,respectively.Somegeneralizingconclusionsare drawn in Section 6.

2. CRITICAL SEAS ANDLAKES OF ASIA

The largestlakes in Central Asia (Fig.1) are the Caspian Sea (in 1970 sea
surface was about 370,000km2 andmaximumdepth - 1025 m), the Aral Sea
(64,500 km2 and 69 m in 1960), LakeBalkhash(18,200 krrr', 26 m) and
Lake Issyk-Kul (6,300krrr', 702 m)(Mandych,1995;Golubev,1997).
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The Asia's closed andtenninallakesare located in arid or semi-arid regions
and therefore sensitive to changes in water balance. Thus, the lake levels and
salinity react quickly on any regional climate change or anthropogenic
pressure. Unsustainable irrigation in lake basins has already led to very
serious environmental andsocial-economicproblems. The lakes will be
particularly vulnerable to any future rainfall reduction or temperature
increase. We note that according to some global warming studies, e.g., the
report publishedby the Tyndall Centre for Climate Change Research at the
University of East Anglia in 2002, the future climate change in Central Asia
is likely to be more abrupt than that in other regions.

2.1. Aral Sea

The Aral Sea (Fig.2, 3) is oneof the most striking examplesof what
unsustainable useof water can do to aquatic ecosystems (Micklin, 1988;
Glazovsky, 1995a,b; Micklin and Williams, 1996). Once the fourth largest
inland water body with the surface areaof over 66,000krrr', the total volume
of nearly 1,070km3 and the maximum depth 69 m, in 1960, the Aral Sea
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Figure 2. Surveyof the Seaof Aral by CommanderA. Butakoff, Imperial RussianNavy, in
1848-1849 .
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Figure 3. The MODIS imageof the Aral Sea on 9November2002.

was about the size of the Netherlands and Belgium taken together. Many fish
species were living in the brackish (mean salinity about 10 gil) water, 12of
them were very important for fisheries (yearly catches of 44,000 tons on
average). An economy tightly related to the sea (fisheries, sea transport) was
formed in the Aral Sea Region. But over the past 40 years, the freshwater
discharge into the Aral Sea from the Amu-Darya and Syr-Darya rivers,
formerly totaling to 50km' on average, has been decreasing because of
diversions for irrigation and ceased almost completely. As a result, the sea
surface level (FigA) has dropped by almost 23 m (in the Large Aral), the sea
has shrunk by a factorof five in its original size, factorof ten in its volume,
the salinity exceeded 82gil in the western Aral Sea and is even higher in the
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1950 1960 1970 1980
Time (year)

1990 2000

Figure 4. Time variationof the Aral Sea level(1940-2000).

eastern part. Today, the Aral Sea is divided in three almost separate parts
(Fig.3, 5). In 1989, thenorthernmostpart and the main bodyof the sea
separated, forming two individual lakes known as the Small Sea and the
Large Sea. Presently the Large Sea consistsof two distinct basins connected
through a narrow(- 3 km) and shallow(- 3 m) channel (Fig.5). The western
basin (65krrr') is a trench with a steep bottom slope at the western side
where the maximum depth still exceeds 40 m. The eastern basin is a
relatively large but shallow with the maximum depthof about 7 m, the
estimated total volumeof25 krrr', and salinityof 160gil.

The desiccation and salinizationof the sea have led to the degradationof the
endemic ecosystem and had severe impact on the qualityof life and healthof
the local population. Cancers, lung, kidney and liver diseases and infant
mortality (10%) are 30 times higher than they used to be. The local economy
is in a deep crisis. Another potential ecological problem for the Aral Sea
Region is the formerVozrozhdeniyeIsland, now a peninsula (Fig.3), which
used to be the World's largestbacteriologicalweapon testing site.

The Aral Sea shallowing is believed to have triggered strong negative
impacts on the regional climate, including, but not limited to, the
desertificationprocesses. It isof great importance to formulate a sound
forecast of the future developmentof the Aral Sea conditions. Such a
forecast could help to elaborate measures aimed to ease the environmental
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Figure 5. Mapof the Aral Sea inNovember2002 and the work area . The black shading
indicatesthe horizontal extentof the discoveredhydrogensulphidecontaminationzone.

and social impacts. A few models focused on this objective have been
developed (e.g., Bortnik and Chistyaeva, 1990, Small et al., 2001a.b).
Generally, the model predictions released a decade ago or earlier turned out
to be inaccurate and the Aral Sea shallowing has actually progressed faster
than it had been expected. Obviously, models depend heavily on the "ground
truth" data for their correct realization and validation. Such data should
include, for example, the Aral Sea salinity and temperature distributions, the
density stratification, the chemical compositionof salts in the water, etc. The
density stratification and depth, in particular, largely control mixing and
hence the sea surface temperature (SST) (Ginzburg et al., 2002, 2003). In
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tum, thesummerSST determinesthe evaporationrate as the keypredictor
parameter.Despite the growing international interest towards the Aral
problem, fewin situ hydrological,hydrochemicalor biological observations
have been made in the Aral Sea since early 1990s(Kostianayaet al., 2002).
Apart from the knowneconomicaland political issuesconnectedwith the
collapseof the former Soviet Union, this isbecausethe Aral Sea in its
presentlimits is physicallydifficult to access. For these reasons, thevertical
distributionsof the thermohalineparametersand thedensitystratificationis
poorly known. Recent field surveys gave newinteresting results (e.g.,
Zavialov et aI., 2003a,b, see alsoFriedrichet aI., this volume ,Mirabdullaev
et aI., this volume) . In theShirshovInstitute expeditionof November2-19,
2002, ahydrophysicaland hydrobiological survey in theUzbekistandeep
westernpart of the Aral Sea wasconducted(Fig.5). Using a motor boat,
surface-to-bottomCTD profiling was conducted and numerous water
samples at different depth levels werecollected. A strong vertical
stratification in temperature,salinity and density with theupper20 m well
mixed layer (lO.6°C, 82 gil) wasobserved. Deepera strong halocl ine with
the salinity increase up to nearly 95gil at thebottomwas accompaniedby a
temperatureinversionof 4°C. Salinity was almost 30-40gil higher than the
predictedvalues. Animportantconsequenceof the effective isolationof the
lower level from the exchangeswith the atmosphereby strong density
stratification is the lack of ventilation resulting in the hydrogensulphide
contamination. All water samples taken at depths below 22 mcontained
hydrogensulphide. Finally, the absolutelake surfacelevel 30.47 m above
the ocean level wasdirectly determined.This value is some 4 mbelow the
predictionspublishedin 1990(Bortnik andChistyaeva, 1990).

2.2. Dead Sea

The Dead Sea is a large and deep salty lake located in theJordanRift Valley
betweenIsrael and Jordan (Fig.6, 7).It is the lowest land point on the Earth
surface, and the Dead sea waters areprobably the saltiest and densest
lakelsea waters in the world. TheDeadSea is aterminal lake, and its level is
fully determinedby the balance betweenriver runoff, precipitation and
evaporation.Historical records indicate that the sea level hasoscillated
significantly (Fig.8) . Since 1960s, thehydrological regime of the DeadSea
has been stronglyinfluencedby anthropogenicpressure,namely by useof
the Dead Seawatershedby Israel , Syria and Jordan (e.g.,Gertmanand
Hecht, 2002). As a result , theevaporationexceededfresh water inflow to the
sea. Moreover, Israel and Jordan are using the sea waters for mineral
production
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Figure 7. The MODIS imageof the Dead Sea on 10September2000. Saltevaporationponds
are clearly visible southof the sea.
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Figure 8. The Dead Sea level variability(http://exact-me.org/overview/p4144 .htm).

at salt evaporation ponds located southwardof the sea (Fig.6), which also
contributes to the consumptionof the lake waters. The evaporation ponds are
suspected to be responsible for 25-30%of the total Dead Sea evaporation.
The upper layer salinity has been increasing and the vertical stability of the
water column decreasing. During the winterof 1978-1979 the lake waters
overturned bringing to the end the long-term stable meromictic hydrological
regime. A holomictic period is characterized by stable vertical stratification
during the summer season and overturn in winter. A meromictic period is
characterized by stable stratification throughout the year. The Dead Sea has
been a meromictic lake for several centuries. Since 1977, the lengthof the
Dead Sea decreased from 80km to 50 km and the level has dropped by 14
m. At the same time, salinity reached 280 gil (Gertman and Hecht, 2002). In
present, the maximum depth is 316 m, the surface area is 815knr', and the
volume is 146 krn' . The sea level is about 414 m below the World ocean
level (in 1960, the Dead Sea level was -397 m. Since 1977, a continuous
level drop was observed at an average rate of 0.6-1.0 m/year. Plans have
been developed to construct a pipeline to bring water from the Red Sea into
the Dead Sea in order to stabilize or raise the water level. The pipeline,
referred to as the "Peace Conduit" Project, would bring about 450 million
cubic meters of the Red Sea water into the Dead Sea annually.
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2.3. CaspianSea

Another example of an inland seasuffering from anthropogenicpressure,
althoughof somewhatdifferent nature, is the Caspian Sea(Kosarev, 1975;
Kosarev and Yablonskaya, 1994; Rodionov, 1994; Kostianoy and
Lobkovskiy, 2003; Kosarev et al., 2004). The Caspianpresentsthe world's
largestisolatedwater body (Fig .9, 10).Currently, its level is at 27 m below
the world ocean level (Fig.1I). The sea occupies an areaof 392,600km",
with mean andmaximum depths being 208 m and 1025 m,respectively
(Kosarev, 1975; Terziev et al., 1992; Kosarev,Yablonskaya, 1994).
Caspian'slongitudinalspread is three times larger thanlatitudinal one (1000
km and 200-400 km),resulting in great variability of climatic conditions
over the sea. Thebiologically mostproductiveNorthernCaspianis some 1%
of the total Caspianwatervolume (78,600krrr'), while the deepwaterof the

"

Figure 9. The Caspian and Aral Seas from space.
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(a) (b)
Figu re 10.The Caspian Sea: (a) MODIS image on 28 May 2002 withTOPEXIPoseidon
ground tracks and (b) sea surfacetemperaturederived fromNOAA-14 on 5 June 200 I .

Middle and Southern Caspian accounts for 99%. There has been serious
concern over the Caspian Sea level fluctuations (Fig.11). Estimates suggest
that these fluctuations as climatically conditioned and show their direct
connection with componentsof the Caspian water budget, especially Volga
river runoff contributing 80% of total fresh water flow into the sea (Terziev
et aI., 1992; Kosarev and Yablonskaya, 1994). Over the pasthalf-century,
there was a regressionof the Caspian until 1977 when the sea level lowered
to -29 m. This drop is considered to be the deepest for the last 400 years. In
1978, the water level started to rise rapidly, and now it is almost stable near
the -27 m level (Fig. 11). Today,TOPEx/Poseidonaltimetry allows to
monitor the Caspian Sea level all over the sea with high accuracy, spatial
and temporal resolution (Fig.lOa, 12). Since 1997, there was a progressive
decreaseof the sea level with a rateof 8 ern/year.
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Overfishing is another major problemof the Caspian Sea. The most alarming
is the situation with beluga sturgeon, whose population is estimated to have
decreased by more than 90 percent in the past twenty years.It is believed
that the beluga sturgeon does not reproduce in the wild any more. Now, 90%
of the fish are caught before they have spawned, denying them a chance to
reproduce.

In addition, the Caspian Sea fisheries are at risk becauseof an invasionof a
Mnemiopsis leidyijellyfish (Fig. 13) that threatens the food chains. The first
recordof Mnemiopsis in the Caspian Sea was made in the autumnof 1999
(Vinogradov et al., 2000, 2002; Kideys, 2002). During thesummerof 2000,
a population explosion followed. This caused the numberof kilka, the last
exploitable fishery in the Caspian since the declineof sturgeon, to drop by at
least 50% injust a few months. Kilka is also the main foodof the Caspian
seal(Phoca caspica) .The introducedjellyfish is a serious challenge to their
very survival. Oil and gas industry also threatens Caspian ecosystems and
endangers the Sea.
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Figure 11. The Caspian Sea levelvariability by instrumentalmeasurements(1837-2002).
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Figure 12. TheCaspianSea levelvariability basedon TOPEXIPoseidonaltimetry (1993­
2002).

Figure 13. Mnemiopsisleidyi hasinvadedthe CaspianSea in 1999.
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2.4. Kara-Bogaz-Gol Bay

The Kara-Bogaz-Go1 (KBG) is a large lagoon eastwardof the Caspian Sea
(Fig.9, 14), normally about 20,000km2 and only a few meters deep. KBG is
2-3 m lower than the Caspian Sea, so water flows from the Caspian through
a narrow strait into the KBG, where it evaporates. The KBG is oneof the
saltiest bodiesof water in the world: salt concentrations up to 350 gil have
been documented. The salt in this natural evaporation basin has been used
commercially since at least the I920s.In March 1980, the Caspian-KBG
strait was dammed.In response to this anthropogenic intervention, the KBG
had already dried up completely by November, 1983 (Fig. 14b).In 1992, the
dam was exploded. The KBG has been filling up by the Caspian water at a
rate of 1.5 m/yr as observed since the beginningof the TOPEXlPoseidon
altimetry mission (Fig.15a). Further KBG level evolution with characteristic
seasonal oscillations and decreasing tendency with a rateof 6 cm/yr is
similar to thatof the Caspian Sea (Fig.15b, 12).

Figure 14. The Landsat-I imagesof Kara-Bogaz-GolBay on: (a) 4December1972 and (b)
25 September1987. White areas are salt on the dried bottom.
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Figure 15. TheKara-Bogaz-GolBay level variability based onTOPEXIPoseidonaltimetry:
(a) in 1992-2002and (b) in1997-2002.
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2.5. Lake Sarykamysh

Lake Sarykamysh is a large drainage water body, located eastwardof Kara­
Bogaz-Gol Bay and southwestward of the Aral Sea (Fig.16), which has been
used as a discharge collector of salty irrigation water from the fields.
Currently, the lake covers an area exceeding 3,000krrr'. Salinity of the lake
waters has been continuously increasing: from 3-4 gil in the early 1960s to
12-13 gil in 1987 (Glazovsky, 1995b). Since 1992, the Sarykamysh lake has
been progressively increasing in size, reaching its maximum level at the
beginingof 2000 with an increaseof 4 m at a rateof 0.6 m/year as observed
since the beginningof the TOPEX/Poseidon altimetry mission (Fig.17). The
lake is growing due to water being diverted from the Amu Darya river ­
water that ought to go into the Aral Sea gets backed up behind dams and
instead goes into Sarykamysh.

Figure 16. MODIS image of Lake Sarykamysh (seen southwestwardof the Aral Sea) taken
on November 7,2002.
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Figure 17. The LakeSarykamyshlevel variab ility basedon TOPEX/Poseidonaltimetry
(1992-2002).

2.6. Lake Balkhash

The Balkhash Lake is located at the altitudeof 342 m in the vast Balkhash­
Alakul, eastern Kazakhstan (seeFig.l, 18) (Abrosov, 1973; Shaporenko,
1995). Its surface is 18,200km", the volume is 105krrr', the mean depth is
5.8 m, the maximum depth is 26.5 m. It is 600km long and 30km wide. In

Figure / 8. MODIS imageof Lake Balkhashon 13 June 2002 andgroundtracksof
TOPEX/Poscidon .
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Figure 19. Western Lake Balkhash level variability based on TOPEXIPoseidon altimetry
(1992-2002) .
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Figure 20.Eastern Lake Balkhash level variability based on TOPEXIPoseidon altimetry
(1992-2002).
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central partofthelake, large Sary-Isek Peninsula divides Lake Balkhash into
western and eastern parts with mean depths 4.6 m and 7.6 m, respectively.

The area and water volumeof the lake vary considerably depending on the
large amplitudeof long-term and secular fluctuations of its water level. For
example, during XX century its water surface has changed from 15,730 km2

(1946) to 23,464km2 (1910) and its water volume from 82.7km3 to 163.9
krrr'. About 80% of the lake inflow (15krrr'zyear) is due to the IIi river
feeding the western basin (Fig.24). The western partof the lake has fresh or
slightly salty water (0.5-1.5gil) depending on the secular fluctuationof its
water level, while the eastern part is characterized by rather high
concentrationof dissolved solids (up to 7gil). The main reasons for such a
difference are the presenceof a large river inflow into the western part and
the reduced exchanges between the two basins.

The water resources of the lake and its tributary rivers are used for irrigation,
municipal and industrial water. Since 1970, theIIi run-off has been
decreased by a filling of Kapchagay Reservoir (with a volumeof 29 krrr'),
which was built in the middle partof the river for irrigation and hydropower
generation (Shaporenko, 1995). This resulted in negative consequences on
the water level, salt balance and ecologyof the lake. Satellite altimetry for
the last 10 years shows that a progressive dropof 1.4 m. was observed has
taken place in the western basin(Fig.l9, 20). In terms of fishery, the
Balkhash Lake has been effectively managed through introduction of a
number of fish species and their food organisms (Petr, 1992). Dammingof
the lli River has contributed to fishery problems in Lake Balkhash. This
problem is largely associated with the gradual desiccationof the deltaic lakes
in which many fish species previously spawned and found excellent nursery
areas (Petr and Mitrofanov, 1995).

2.7. Lake Issyk-Kul

The Issyk-Kul Lake (Fig.21, 22), oneof theworld's largest lakes, is located
at the altitudeof 1,607 m in a depression between the Kungey- and Terskey­
Alatau ridges of the Northern Tien Shan in Kyrgyzstan (Tsigelnaya, 1995).
Its surface is 6,292 km", volume is 1,738km' , the mean depth is 280 m,
maximum depth is 678 m.It is 179km long and 60km wide. lssyk-Kul
never freezes, even in severe winters. Cyclonic water circulation in the lake
causes an extremely high transparency at the center where the Secchi disc
reading reached 53 m in the stormy winterof 1985 (Tsigelnaya, 1995). The
total river discharge into the lake from as many as 118 tributary rivers
amounts to 3.7knr'ryear.
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Figure 21. GeographicalmapofKyrgyzstan.

Figure 22. The MODIS imageof Lake Issyk-Kul on 13June 2002 and ground tracksof
TOPEXIPoseidon.
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The Issyk-Ku1 Lake level drop was about 10 m since 1876. Since 1927 till
the early 1990s the lake level has decreased by 2.64 m with short-term
periodsof increase observed in 1929, 1935-1936, 1941-1942, 1956-1960,
1970-1971, and 1989 (Tsigelnaya, 1985). In 1980s, the lake level was
progressively declining by 5 em/year (Savvaitova and Petr, 1992), reflecting
diversions for irrigation and other causes. The area already dried up during
the last 25 years amounted to more than 55 km'. At present, about 90%of
irrigated land involves furrow irrigation in which partof the water
evaporates and the rest drains into the lake but contains fertilizers and
harmful agrochemical compounds. Since 1992, satellite altimetry monitoring
of the lake level shows that there were no significant trends, but its
oscillations reach 5 m in amplitude (Fig.23). By the 1970s, an intensive
fishery has drastically reduced the stocksof native fish. These were further
affected by introducing two predators, pikeperch and the Sevan trout(Sa/rna
ischchanissykagegarkuni)(Savvaitova and Petr, 1992). Expected increaseof
the Northern Hemisphere temperature by the mid of XXI century by 2°C and
decreaseof precipitation by 10% would have great effect on river runoff
from the Issyk-Kul basin that is fed by melting snow and glaciers.
Calculations show that inflow to the lake would not exceed 0.5km' and
Issyk-Kul will progressively disappear (Tsigelnaya, 1995).
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Figure 23. TheIssyk-Kullakelevel variability based onTOPEXIPoseidonaltimetry (1992­
2002) .
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2.8. Lake Lobnor and other critical lakesin China

Northern and northwestern China has been experiencing a desiccation
process since 1950s. As a result, for example, the depthof the lake Ohlin at
the head of the Yellow River has been dropping by over 2 cm annually
(Wang Hongchang, 1993). Since 1950s, the average annual precipitation has
decreased by at least one third. The lake Lobnor vanished completely in
1972 (Fig.24). Lobnor became nuclear testing site in China. Consequences
of test explosions potentially threaten not only to Northwestern China lands
and population but also to all Asia. Nowadays, due to nuclear testing and
unsustainableof the region's natural resources, an ecological catastrophe
may be approaching.

The Qinghai Hu Lake (Fig.25) is shrinking due to a decrease in rainfall,
underground water supply and unsustainable use of the water for irrigation.
According to the lake's water resources protection bureau, the water level
has been decreasing at an averageof 10 em per year between 1959 and 1982.
Emergency measures taken then led to the lake rise at an averageof 10 ern
per year from 1983 to 1989. But for the last decade, the lake's water level
has again dropped off. The total drop since 1908 reached11.7 m. The lake
salinity has increased from 5.6 to 12 gil since 1950.

I

o
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Figure 24. Circle denotes the Lobnor Lake location in China.
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Figure 25. MODIS imageof Qinghai Hu Lake taken onNovember7, 2002 .

Becauseof rapid growth of population, the surfaceof Ebinur Lake, the
largest salt lake in northwestChina'sXinjiang Uygur Autonomous Region,
has shrunk to 530 km2 in the past five decades (its surface was 1,200km2 in
the 1950s). As a result, manyof plant and animal species living in and
around the lake have been extinct. Estimates suggest that the wind blows
about 4.8 million tonsof dust and sand away from the region annually. To
prevent the lake from further shrinking, the regional authorities have taken a
seriesof measures such as planting trees around the lake to preserve it.

3. CRITICAL LAKES OF AFRICA

The global warming, induced by the increaseof carbon dioxide in the
atmosphere, and withdrawal and/or diversionof water from inflowing rivers
are the reason for the water level drop in several African lakes (Fig.26).
Decreasing snow cover and land-ice extent continue to be highly positively
correlated with increasing land-surface air temperatures (IPCC WG I, 200 I).
During XX century, the mean land surface temperature in Africa has
increased by 0.9°C(Fig.27). This resulted in desiccationof rivers and lakes,
as well as in snow and ice melting in mountains. For example, the total area
of ice on Kilimanjaro decreased significantly. At the beginning of last
century it amounted to 12.5knr', but by 2000, the ice cover is smaller than 2
km' . Estimations show that snow and ice on Kilimanjaro could vanish
completely by 2015 (Fig.28).
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Figure 26. African lakes.
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Figure 27. Meantemperatureanomaly(0C) in Africa during the lastcentury.
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Figure 28. Themeltingsnowsof Kilimanjaro, 1912-2002 (UNEP) .

3.1. Lake Chad

Lake Chad (Fig.29), once oneof the largest on the Earth, has been
dramatically decreasing since the 1960s (Fig.30, 31). Lake Chad has been a
sourceof freshwater for irrigation projects in Chad, Niger, Nigeria and
Cameroon in West Africa. Maps drawn from a series of satellite images
show a dramatic decrease in the size of the lake over the past 30 years
(Fig.30). Since 1963, the lake has shrunk to nearly a twentieth of its original
size, due both to climatic changes and to high demands for agricultural
water. Since 1963, the surface areaof Lake Chad has decreased from
approximately 25,000km2 to 1,350km2 (Scientific American, 2001). Before
1980s, irrigation did not have a strong impact on the Lake Chad ecosystem.
Between 1983 and 1994, irrigation water use increased fourfold. About 50%
of the decrease in the lake's size since the 1960s is attributed to human
massive water use, with the remainder attributed to the natural climate
variability. Since the early 1960s, the region has been experiencing a
significant decline in rainfall.

Research carried out over the past 40 years indicates that the main factors in
the shrinkingof the lake have been:
(l) Unsustainable useof water resources by Niger; Nigeria, Cameroon and

Chad, which have diverted water from both the lake and the tributary
nvers;

(2) Major overgrazing in the region (Coe and Foley, 2001), resulting in the
lossof vegetation and hence a drier climate.
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Figure 30.Desiccationof Lake Chad(1963-2001)
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Figure 31. Variability oftheLake Chad level (gaugemeasurementsin 1954-2001).

The changes in the lake have contributed to potable water shortages,
collapsed fisheries, soil salinization, and increasing poverty throughout the
region. Another ecological problem is related to the invasive plant species
which currently cover about 50%of the remaining surface of the Lake Chad.

The monitoring of the lake level by TOPEX/Poseidon shows that the
dramatic decreaseof the level has apparently stopped and a rise of the water
levelofabout 1 meter since 1993 is observed (Fig.32).
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Figure 32. Variability of the Lake Chad level byTOPEXIPOSEIDONsatellitealtimetry in
1992-200 1 (AVISO).
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3.2. Lake Victoria

Lake Victoria, with a surface areaof 68,800 krrr', is the world's second
largest, and the largest in Africa bodyof fresh water intenusof surface area,
(Serruya and Pollinger, 1983; Payne, 1986). The lake is shared by Kenya
(6%), Uganda (45%), and Tanzania (49%) (Fig.33). The lake occupies a
wide depression near the equator, between the East and West Great Rift
Valleys, but its drainage basin is relatively small (184,000km"). Lake
Victoria is relatively shallow, with the maximum depthof about 84 m, and
the average depthof about 40 m. Because the lake is shallow, its volume
(2,750 km') is smaller than thatof many other lakes with much smaller
surface area. For example, the volumeof the lake is only 15% thatof Lake
Tanganyika, even though the latter has less thanhalf the surface areaof Lake
Victoria. The lake water is drained at a rateof about 600 m3/s, at Jinja on the
northern shore, into the Victoria Nile, the only outletof the lake. Lake
Victoria is of greatsocio-economicimportance for 20 million people living
in the basin (Serruya and Pollinger, 1983; Payne, 1986).

Over the past few decades, Lake Victoria has been a subject to drastic
changes in its water quality and ecology due toanthropogenicactivities
(Serruya and Pollinger, 1983; Payne, 1986). Pollution to the lake has
increased alongwith rapid growthof population. Sourcesof pollution to the
lake include sewage discharges, agriculturalrunoff; sediments resulting from
soil erosion in the catchment area due to deforestation and overgrazing; and
industrial pollution from many local industries. All these factors have
resulted in theeutrophicationof the lake becauseof the increase in nutrient
supply to the lake. Algae blooms and massive fish deaths in the lake have
been reported. Yet another problem the lake is facing is the extinctionof
native speciesof fish in the lake due to introductionof two foreign fish
species, the nile perch and nile tilapia, in the 1950s. According to the "World
Resources 2000-200 I" report, prior to 1970, Lake Victoria had more than
350 speciesof fish from the cichlid family. Ninety percentof these were
unique to the lake. The introductionof Nile perch and tilapia has caused a
collapse in thelake'sbiodiversity, as mostof the native species have been
extinct. Several projects are underway aimed at addressing the Victoria lake
environment issues, e.g., the World Bank funded Lake VictoriaEnvironment
Management Project (LVEMP).

The TOPEXIPoseidon satellite altimetry shows that there was no significant
trend in the Victoria Lake level in the last 10 years, but interannual
oscillations may reach 1.5 m in amplitude (Fig.34). The notable dropof the
lake level by 1997 accompanied by a pick in 1998 and the following
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Figure 33. Mapof the LakeVictoria region.
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Figure 34. The Lake Victoria levelvariability based onTOPEXIPoseidonaltimetry (AVISO).

decreaseof the level by aboutof 1 m is a characteristic feature for other
African lakes also, as shown in figures below. A sharp level rise in 1998 that
observed all lakes in this partof the continent was brought on by increased
rainfall in that year (AVISO).



32

3.3. Lake Tanganyika

Lake Tanganyikais outstandingfor its extraordinarylength (670Ian) and
depth (1,470 m).It is the second largestof African lakes, the second deepest
(next to Lake Baikal) and the longest lakeof the world. LakeTanganyikais
located at the altitudeof 773 m in Tanzania, Zaire, Zambia and Burundi
(3.25-8.45°S, 29.10-31.100E) (Fig.35). The lake surface area is 32,000 knr',
the volume is 17,800krrr', the maximum depth is 1,471 m, the average depth
is 572 m (World Lakes Database). The lake is used as a sourceof water and
grounds for fisheries and navigation. The only outlet, theLukugariver, starts
from the middle partof western coast and flowswestwardto join the Zaire
River draining into the Atlantic. No sourcesof significant pollution are
present. As seen from the altimetry data, there was a 1.5 m lake level
decrease in 1993-1997 and 1 m decrease in 1999-2001 (Fig.36).
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Figure 35. Mapof the LakeTanganyikaregion.
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Figure 36. The Lake Tanganyika level variability based onTOPEXIPoseidonaltimetry
(AVISO).

3.4.LakeRukwa

Lake Rukwa (Fig.35) is a shallow lake located at the altitude of 793 m in
Tanzania (80S, 32.25°E). The lake surface area has is 3,000km2 (World
Lakes Database). There was a 2.5 m lake level decrease in 1993-1997 and
1.5 m level drop in 1999-2000 (Fig.37).
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Figure 37. The Lake Rukwa levelvariability based onTOPEXIPoseidon altimetry (AVISO) .
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3.5.LakeTana

Lake Tana (Fig.38) is located at the altitude of 1,788 m in Ethiopia (l1.4"N,
37.2°E). The lake surface area is 3,600krrr', the volume is 28km' , the
maximum depth is 14 m, the average depth is 9 m (World Lakes Database).
There was a continuous lake level decreaseof 2 m in 1992 through 2002
(Fig.39).

Figure 38. Mapof the Lake Tana region .
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Figure 39. The Lake Tana level variability based on TOPEXIPoseidon alt imetry .
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4. CRITICAL LAKES OF NORTH AMERICA

4.1. Great Salt Lake

The Great Salt Lake(FigAO) located at the altitude of 1,283 m in Utah, USA
(41.1"N, 112AOW) is the fourth largest terminal lake in the world.It is one of
the largest migratory bird sites in North America. The lake has surface area
of 5,000 km2 and maximum depthof 12 m (World Lakes Database). The
local topography is such that small changes in the lake surface level lead to
enormous changes in the land surface dried up when the lake level drops
(Fig. 41). In 1963 when the level was record low (1,277.5 m), the lake
covered 2,460krrr', while in 1986 with 1,283.8 m, it covered about 5,960
km2 (Arnow and Stephens, 1990). The history of the water-level changes
(Fig. 42) shows energetic variability at temporal scales from years to
decades. Now, the lake level is the lowest since 1980. The salinity of the
lake waters is remarkably high, namely up to 280gil. The Great Salt Lake
salinity varies considerably depending on the site and lake level (FigA3).
The lake level increase from 1982 to 1986 (FigA2) was, at least partly,
related to the enhanced precipitation during the 1982-1983 El Nino (Arnow
and Stephens, 1990).

L
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Figure 40.Map of the Great Salt Lake region .
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Lake Level Elevation (m)

1283.77 (historic high, 1986)

1280.16 (average)

1277.52 (historic low,1963)

Figure 41. Areacoveredby Great Salt Lake athistoric high, low, andaveragelevels , 1847­
1986 (modifie d fromArnow and Stephens, 1990).
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Figure 42. Annua l peakwater levelsof Great Salt Lake, 1875-1986 (from Arnow and
Stephens, 1990).
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Measurements made
in non-eonsecutive years

Gunnison Bay
at Saline gage

Gilbert Bay at Sallalr
Boat Harbor gage
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Figure 43. Salinity (%) in Great Salt Lake at historic period, 1850-1997,accordingto U.S.
Departmentof the Interior, U.S. Geological Survey

(http://ut .water.usgs.gov/salinity/index .htm!)

4.2. Pyramid Lake

The Pyramid Lake (Fig.44) is the deepest terminal salty lake in the Western
Hemisphere.It is located at the altitude of 1,160 m in Nevada, USA�(�4�0 �.�0�~�,

119SW). The lake surface area is 453krrr', the volume is 27km', the
maximum depth is 105 m, the average depth of 60 m (World Lakes
Database). There was a 21 m lake level decrease since 1910 and a salinity
build-up from 3.8 to 5.5gil between 1933 and 1980 (Wheeler, 1974).
Pyramid Lake receives about 85%of its annual water input from Truckee
River. The lake is a sourceof water and grounds for sightseeing and tourism,
recreation and fisheries. As the lake level declined, a delta formed at the
mouthof the Truckee River, preventing spawning migrationsof fishes. This
delta and the Derby Dam impeding upstream migration resulting in decline
of the Lahontan cutthroat trout in 1938 (reintroduced in the 1950s). Other
environmental concerns include water quality issues as the population
upstream rapidly grows (World Lakes Database).
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Figure 44. Mapof the Pyramid Lake region .

4.3. Mono Lake

The Mono Lake (FigA5, 46) is located at the altitudeof 1,945 m in
California, USA (38"N, 119°W). The lake surface area is 180knr', the
volume is 2,97krrr', the maximum depth is 43 m, and the average depth is 17
m (World Lakes Database). There was a remarkable 17 m lake level
decrease between 1920 and 1980 (FigA7) becauseof diversionsof Mono's
tributaries. Currently, the salinityof the Mono Lake is 79 gil (asof 2002),
which is almost twice the valueof 1920.
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Figure 45. Mapof the Mono Lake region .
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Figure 46. The MODIS imageof Mono Lake on ISSeptember2002.
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Figure 47. The Mono Lake level (feet)variability since 1850 to 2002.
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4.4. Salton Sea

The Salton Sea is California's largest lake (33.12"N; I I5.5 IOW) (Fig.48, 49).
At the surface elevationof 70 m below the sea level, it has a surface areaof
950 km", The maximum depthof the Sea is about17m and the average
depth is 10m. The annual inflow to the Sea averages about 1.5krrr'
(www.sci.sdsu.edu/salton//Salton%20Sea%20Description.html).The Salton
Sea was formed in 1905 when a strong flooding caused the Colorado River
flow into the Salton Basin for 18 months. Since then, the lake level has
been maintained mainly by agricultural return flows from the surrounding
valleys. The Salton Sea has several serious problems. Salinityof this
terminal lake progressivelyincreases,now reaching44 gil. This salinity
increasehas led to decline in the lake'secosystems,including fishes
(www.sci.sdsu.edu/salton//Salton%20Sea%20Description.html).

High concentrationsof nutrients in Salton's inflows lead toeutrophicationof
the Sea.In addition, about 15%of the discharge polluted by industrial
chemicals and sewage.In particular, selenium that is believed to have caused
mortality among wildlife at some irrigated areas in the western U.S. has been
investigated in the Salton basin by the U.S. Departmentof the Interior
(www.sci.sdsu.edu/salton)
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Figure 48. Mapof the Salton Sea region.



41

Figure 49. The MODIS imageof the Salton Sea on 9October2002 .

4.5. Great Lakes

The Great Lakes (Fig.50) contain about 20% of Earth's surface fresh water.
General physical characteristicsof the lakes are shown in Table I. Pollution
to all of the Great Lakes, may be except Lake Superior, has increased
significantly over the past few decades. This has resulted in increased
concentrationsof nutrients, chlorides, sulphates, and other compounds in
Lakes Michigan, Huron, Erie and Ontario (World Lakes Database).

Lake Superior is the second largest lake in the world after the Caspian Sea.
The waterof the lake is still of excellent quality and oligotrophic. Lake
Huron is the second largestof the Great Lakes and the fifth largest in the
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Figure 50.Map of the Great Lakes region .

Table 1. Physicaldimensionsof the Great Lakes(World LakesDatabase).

Super ior Huron Michigan Erie O ntario
Surface 82,367 59,570 58,016 25,821 19,009area,km2

Volume,
12,221 3,535 4,871 458 1,638knr'

Maximum
406 228 281 64 224depth, m

Mean
148 53 84 17.7 86depth, m

Water
Regulated Unregu - Unregu- Unregu - Unregu-

level lated lated latcd lated
Length of
shoreline, 4,768 5,088 2,656 1,369 1, 161
km
Residence

191 22.6 99.1 2.6 7.9time, yr
Catchm.

124,838 128,464" 117,845 78,769" 75,272"area,km2

* Not including the catchments of the upstreamGreat Lakes .
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world, with the most irregular shape of anyof the Great Lakes. The water
quality of the lake is still excellent and oligotrophic. Lake Michigan is the
third largestof North America's Great Lakes. Since 1970s, the lake water
along the southern coast has been increasingly eutrophicated because of
urban and industrial pollution. To prevent the lake from further pollution, the
wastewater was diverted to the Mississippi River instead of returning to the
lake. As the result, the qualityof the lake water appears to be recovering
(World Lakes Database). Lake Erie is the fourth largest and shallowest of the
five Great Lakes. The western side of the lake is a heavily industrialized and
populated area. The lake is a subject to considerable eutrophication similar
to thatof Lake Ontario before the 1970s. Lake Ontario is the smallestof the
Great Lakes. The most populated and industrialized areaof Ontario Province
is located on the western bankof the lake. The eutrophicationof the lake
started at the beginning of the past century and continued until mid-1970s.

The aggregate level of the Great Lakes is currently decreasing. Since 1997,
Lakes Huron, Michigan and Erie have dropped over 1 m, and further drop of
0.5-1 m has been predicted for the next few years. Also, a dramatic shift in
the seasonal changes in water levels on the Great Lakes has been reported
(ENN, 2000). Analysis based on 139-year-long (1860-1998) record from
four stations around the Great Lakes demonstrated that the annual highs and
lows of lakes Ontario and Erie are now occurring earlier by about a month.
Also, the rangeof Lake Ontario's level annual cycle has increased by a factor
of 1.5.

It is believed that the principal mechanisms responsible for all these changes
are: (1) Decrease of rainfall and snowfall; (2) Elevated temperatures and thus
enhanced evaporation and transpiration rates and reduced ice cover; (3)
Irreversible loss of water for urban and industrial uses - for example,
Chicago sends its used water taken from the lakes to the Mississippi after
treatment instead of the lakes (Mitchell, 2002).

5. SOME CRITICAL LAKES OF AUSTRALIA

Lake Eyre (Fig.51) is Australia's largest salty lake, located in the driest
region in the country. TheEyre's drainage basin is as large as 1,140,000
km'. The lake consists of two parts - Lake Eyre North, 144km long and 77
km wide, is connected by the Goyder Channel with Lake Eyre South, which
is 64 km long and 24km wide (Fig.51). The lake bottom is usuallydry and
encrusted with salt. However, about twenty flood events have occurred over
the last forty years. During such events, the lake becomes temporarily the
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Australia's largest lake with the surface areaof up to 9,500 krn' . The
strongest floodings were registered in 1950, 1974 and 1984 (Fig.51). In 1974
water flowed from Lake Eyre North to Lake Eyre South until an equilibrium
level was obtained. Over 30 million tonsof salt, or about 7.5%of the total
Lake Eyre North salt content, were transferred into Lake Eyre South during
this event, creating a salt crustof up to 29 em. The broad basinsof the lakes
are very sensible to even slight variationsof precipitation.Consideringthe
trendsof climate change is therefore essential forunderstandingthe regime
and variabilityof these lakes (World Lakes Database).

An important exampleof a salty lakeendangeredby water diversion is Lake
Corangamite . This largest permanent water body in continental Australia is a
subject to rapid shallowing and salinization because its main tributary, the
Woady Yaloak Creek, has been diverted into the Barwon River. From 1959
to 1990, the lake level has decreased by over 2 m and the salinity has
increased almost twofold from 35 to 60gil.

Figure 5/. Satellite image of Lake Eyre part ially filled, 22 February1984.
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6. CONCLUSIONS

In 1986, the International Lake Environment Committee (ILEC) and UNEP
have started a project called"Surveyofthe Stateof World Lakes",aimed at
collecting and analyzing of environmental data on 217 lakes including 64
from Asia, 61 from North America, 56 from Europe, 20 from Africa, 12
from South America and 4 from Oceania (Kira, 1997). The results have
indicated that various environmental disruptions are common for the lakes in
all continents. Common environmental problems may be classified in the
following categories (Kira, 1997):

1) Lake shallowing due to over-use of water from lakes and/or tributary
rivers, resulting in a degradation of water quality and lake
ecosystems. Rapid salinization is a common feature for originally
fresh or brackish inland water bodies.

2) Accelerated siltation in lakes and reservoirs resulting from
anthropogenic or natural soil erosion.

3) Lake water acidification resulting from acid precipitation which may
resulting in the extinction orof ecosystems. Contamination of water
with toxic agricultural and/or industrial chemicals.

4) Eutrophication due to inflow of nitrogen and phosphorus compounds
or other nutrients in the discharged water waste water, strongly
affecting the biodiversity.

5) In extreme cases, a complete collapseof aquatic ecosystems and
desiccationof lakes.

One of the principal tasks for future research is the delimitation of the
anthropogenic and natural climate change impacts. Apparently, the climate
change is the reason for the water level drop in only a few of the examples
discussed in this article. However, if the present climatic trends persist, in
the near future it could have a much stronger impact on desiccation of lakes.
The ongoing global warming could trigger climate changes difficult to adapt
for people and aquatic ecosystems.

Degradationof many inland water bodies as a global environmental problem
and its social and economical implications have attracted growing attention
of many individuals and organizations. This resulted in a number of relevant
national and international research projects or practical programs initiated in
the last decades. The 35th International Liege Colloquium on Ocean
Dynamics and NATO Advanced Research Workshop"Dying and Dead
Seas"held in Liege, Belgium, on 5-10 May 2003 concluded, that despite our
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best efforts, environmental destructionof the lakes in the world continues
and the levelsof human impact continue to grow. We may be running outof
time if we wish to prevent a large scale environmental catastrophe already
underway. New waysof thinking that will help to improve policies and
practices supporting the vitalityof the critical lakes and seas are needed.
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Chapter 2

WATER MANAGEMENT ASPECTS OF
AMUDARYA
Optionsfor futurestrategies
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Odil Kayumov
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1. INTRODUCTION

"Wherethe water ends, the land ends", This statement from Central Asia
makes clear, better than any numbers, the vital dependenceof local people
on the fresh waterof the Aral Sea tributaries. The useof this water for irri­
gation has a long history. Numerous oases have existed since ancient times
and these were supported by the favourable flow regimeof the Amu Darya,
including the low saline summer flood.
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Today, the problem lies in the scaleof irrigation, the choiceof cultivated
crops and the decline in water quality due to the useof agro-chemicals. The
greatest deterioration occurred from the 1960s to the 1980s. Since then, the
extensive useof large amountsof pesticide has been reduced owing to eco­
nomic constraints, but accumulated pesticides in soils and the salinityof
water remain serious issues. Past environmental destruction has led not only
to a reduction in the levelof the Aral Sea, but is also endangering human
existence in the Aral Sea deltas. Child mortality is very high compared to
other NIS and diseases such as typhoid fever, viral hepatitis, anaemia, respi­
ratory diseases, and different types of cancer are widespread(ELPTNER,

1999). More than 3 million people have no access to a satisfactory drinking
water supply. In addition to huge irrigation water withdrawals and water
losses, the quality of return water also causes major ecological problems.

The paper presented here will describe selected aspectsof water quality
and quantity problems in the Amu Darya basin. Since the Aral Sea crisis
cannot be understood without reference to the Amu Darya and Syr Darya
tributaries, the paper should generate a greater appreciation of the complex­
ity and interrelationships influencing the hydrologyof the region.

Urgent action is needed to achieve at least the bare minimum conditions
for the survivalof both ecosystems and communities in the region.. Using
revised operating rules for existing reservoirs the local population might be
supplied with safe potable water in future. Therefore a particular focus is
given to the operationof the Amu Darya reservoirs, primarily the damsof
the Tuyamuyn Hydroengineering Complex.

2. HYDROGRAPHY OF THE AMU DARYABASIN

The Amu Darya is partof the Aral Sea basin and its watershed stretches
across the territoriesof Turkmenistan, Afghanistan and the Republicsof
Tadjikistan, Uzbekistan and Kyrgyzstan. The total Amu Darya basin area
covers 612,300 km'. The river length amounts to 1,415 km (GRDCIUNH)
from the confluenceof the Pyandj and Vaksh to the Aral Sea. After passing
the mountainous upstream part, the Amu Darya meanders through a desert
region in the 880 krn-section from 100 km east from the city of Termez until
it reaches the Tuyamuyn Hydroengineering Complex (THC). The lower
Amu Darya region ranges from the THC downstream to the dying Aral Sea
(Figure I). This region, which was a natural river delta in former times, is
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today characterisedby intensiveirrigation activities and anextendedcanal
andcollectorsystem.

The Amu Darya has thegreatestdischargeand the largestcatchmentarea
of all the rivers in Central Asia. About 80 - 85 %of the Amu Darya flow
volume is formed by the Vahsh and Pyandj rivers and theremaining20 ­
15% come to from theSurchandarya,Kafimigan and Kunduz rivers . The
total runoff formation areaof the Amu Darya basin is about226,800km', of
which 7,400km2 are located atglaciatedareas.

...
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�. �~ �' ....'

... ... ....
=====o 200 400km

Figure 1. Amu Darya and Syr Darya - the Aral Sea tributaries and locationof THe

There is acharacteristicflow regime. About 80% of the annualrun-off
occurs during April - Septemberand is generatedby snow andglacier
melting in thePamirmountains.

Figure 2 presents the AmuDarya flow regime at Kerki station,showing
monthly averages for the period1981-1997(KAYUMOV, 2003). Here the
rise in water level and run-off starts in May and the flowmaximum is
reachedin June. Annualwaterflow of the Amu Daryarangesfrom 58.6 km"
up to 109.9km', these being 5 and 95percentilesof flow. The average flow
volume is 78.4kmva.
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Tributariesof the Amu Darya are onlylocatedat the first 180 km -including
the confluenceof Pyandj andVahsh rivers at theupper limit of the Amu
Darya. The lackof tributariesin the downstream part, highevaporation(Ur­
gench, average: 1364 mmly), low precipitation (Urgench,average: 110
mmly), and infiltration in the groundwatercause a naturaldecreasein the
river discharge.Additional abstractionsof water for irrigation, industrialand
municipal supply, intensify this decline.
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Figure 2. Characterisationof the general flow variabilityof the Amu Darya , Station Kerki

(37°S0'N/6S0IS'E), monthly averageof the period 1981 - 1997)

The most important land use in the Amu Darya basin isagricultural
cultivation (Figure 3), whichdependsentirely on irrigation. This irrigation
areas hasincreasedduring the last 50 years .Major water lossesaccountfor
50-80 % of the total water withdrawals, these being due to old and
inefficient irrigation channelnetworks,inefficient irrigation methods,and no
economicincentivesfor watersaving.
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Figure 3. Main waterconsumersin theAmu Daryabasin(afterMICKLIN inRESS EL,1999)

Since 1918 theconstructionof agricultural irrigation projectshas been
carriedout successivelyin Turkmenistanand Uzbekistan. A significantpart
ofAmu Daryawater isabstractedby theKarakumcanal. This 1300 km long
channelcrossesthe Karakumdesertand secures the water supply to many
regions of Turkmenistan. It is the biggest irrigation-channelin the Amu
Darya basin and in Central Asia. Up to now there has been no exact infor­
mationabout the average annualwithdrawal from Amu Darya;different es­
timations range from 8 to 12 kmva . Otherscourcesrefer to anestimated
abstractionof 15 krnva in 1990 (= approx. 500mvs) (LIEBMANN, 1990).
Although there is anagreementbetweenUzbekistanand Turkmenistanthat
limits Turkmenistan'swithdrawal to about 13km' peryear, thecompliance
is not assuredor enforced(HANNAN AND O'HARA, 1998).Additionally the
water lossesof the Karakum canal are notidentified. The channelis built
mostly on desert sandwithout sufficient sealing to prevent high seepage
losses(ORLOVSKY, 1999).

Apart from theKarakum-canal, there are anumberof other major intake
pointsdownstreamofTermiz:

large partsof the Surchandaryairrigat ion region aresuppliedby
Amu Daryawater.
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- Irrigation water isremovednear Kerki. This water flows to the cityof
Karshi throughthe Karshi canal.

- The Amu-Bukharacanal, for water supply to theirrigation areas in the
Bukhara region.
Irrigated agriculturallandsadjacentto the Amu Darya near Kerki and
Chardgou,Turkmenistan.

The Amu Darya flow regime is alsoinfluencedby anthropogenicimpacts,
such as the Nurekreservoirin Tajikistanand the damsof the TuyamuynHy­
droengineeringComplex, which aredescribedmore in detail below.

3. WATERQUALITY OF THE AMU DARYA

3.1 Sources of pollution
Return water from irrigated fields, containingsalts, pesticideresidues,

defoliants,and nutrientsare the majorpollution sourcein the Amu Darya
basin. Inaddition to pollution from return flow, there is alsocontamination
by industrial andmunicipalwastewaters.Significantlongitudinaland tempo­
ral water quality variations are acharacteristicof the Amu Darya region.
These are due to theseasonalflow variation of the lesspolluted headwater
tributariesand theseasonalityof return waterquantity and quality at differ­
ent inflow locations.

Natural
depressions

33%

Return flow to
collectors and

rivers
51%

Figure 4. Apportionmentof return waterin the Amu Darya basin(FROEBRICH AND KAYUMOV,

2003)

The developmentof irrigation and theconstructionof requireddrainage
systemshaveproducedan increase in return water volume,especiallyduring
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the years 1960-1990. Return water is partly collected in artificial parallel
channels and enters the Amu Darya either directly or by natural tributaries
such as the Surchandarya. The annual total return water volume in the Amu
Darya ranged between 16 and 19km' per yearduringI990-1999.Neverthe­
less, this quantity corresponds to just 51 % of the total return water volume
which is accrued at the irrigated lands.Of the reminder, 33 % is lost to natu­
ral depressions and 16 % is used for re-irrigation (Figure 4)(FROEBRICH
AND KAYUMOV, 2003). According to estimates byRUBINOVA AND
GORELKIN (1998) the annual export of salts with return flow amounts to
87 million tons in the Amu Darya basin.

With the end of the Soviet Union, the extension of irrigation infrastruc­
ture has stopped. Difficulties in maintaining the drainage system during the
transition period and thecommencementof water-conservingmeasures have
resulted in a decrease in return water volume.

Major irrigation areas, which are pollution sources are located in the
Bukhara, Karshi and Surchandarya regions, the irrigated fields on the banks
of the Amu Darya between Termez and THC and irrigation areas in the
Vaksh and Pyandj catchments. These areas affect water quality as far as
THe. Downstream of THC the water quality is affected by return water
inflow from Khorezem, Darshauz and Karakalpakstan. The proportionofsalt
loads from different catchments to the river section between Termez and
THC is illustrated in Figures 5 and 6. These show that the Bukhara region
generates nearly 25%of the salt loadof the middle Amu Darya irrigation
areas(REDERAND FROEBRICH,2003).

Karshl region
12%

Kunduz river
4% Karflnigan river

4%

Pyandj river
36%

Bukhara region
9%

Surchandarya """"'-I11III .......
river
9%

river bank
Termiz· THe

7%

Figure 5. Approximatedandestimatedpercentage distributionof salt load sources in the Amu
Darya basin: considerationof the annual salt load at Lebap station (100%)
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Bukhara region
25%

Karshi region
31%

Surchandarya
region

25%

river bank
Termiz· THe

19%

Figure 6. Percentagedistributionof salt loads with origin at theirrigation regionsof the mid­
dle Amu Darya reach(Bukhara,Karshi and Surehandaryaregions , and the landsdirectly of
the Amu Daryathe banksbetweenTermezand THC)

3.2 Water quality status

Before irrigation activities were greatly expanded, the annual Amu Darya
salinity ranged from 200 mg/l to 500 mgll (Alekin, 1955). Nowadays salinity
is significant higher and is still increasing.

The riseof salinity along the river longitudinal profile reveals in particu­
lar the effectsof the washing outof mineral loads when fields leach (Fig­
ure 7). Present data and results also indicate that even the fairly low saline
summerflood is affected by inflowing drainage waters.

The monthly average valueof salinity ranges from 350 mgll to 800 mg/l
at Termez station, from 350 to 900 mgll at Kerki, from 350 to 1100 mg/l at
Chardgou, from 500 to 1500 mgll at Darganata, from 600 to 1500 mg/l at
Lebap station, from 700 to 2600 mgll at Samanbay and from 700 to
2800 mgll at Kiziljar (FROEBRICHAND KA YUMOV, 2003).

The seasonal variation in water salinity is affected by the temporal varia­
tion in river discharge. Before the beginningof the growing season in
March, the fields are leached and a huge quantityof salts are dissolved and
transported with the return water to the collectors and partly to Amu Darya.
Due to low flow conditions the inflowof drainage waters leads to Amu
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Daryasalinity peaks in March, April andpartly in May. During the summer
flood, the dilution preventsfurther salinity increaseand thelowest salin ity
concentrationsare foundbetweenMay andSeptember.

Uzbek waterquality standardsgive athresholdof 1000 mg/lsalinity both
for domesticand industrialwateruse and for fisherypurposes(GOST, 1983).
In the upstreamsection(from the confluenceof Vaksh and Pyandj down­
stream toChardgou)salinity rema insbelow the limit at all times. Down­
streamof Chardgou, the limit is exceededfrom Octoberto April. Here, it is
only in the summermonthsof flooding (May until September)that there is
an acceptablewaterquality standard.

In the lower river section (downstreamof Samanbay)there is very high
salinity throughout the year. The high sulphateconcentrationduring the
winter is particularlyalarmingin view of the impactofpotablewateron hu­
man health. The ions exceedingtheir maximum thresholdsare sulphate,
magnesium,sodium,andpotassium.
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Figure 7. Monthly averaged salinity at seven sampling points on the Amu Darya (averageof
the period 1991-2001)(FROEBRICH AND KAYUMOY, 2003)
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The interconnectionbetweenthe seasonal variation in flow volume and
salinity reduction due to dilution effects isillustratedin Figures 8 and 9. Salt
loads reach a peak in May and July at bothDarganataand Samanbaysta­
tions.

In addition to seasonal water quality variations during one year, longer­
term variability is also of interest. Water qualitydeterioratesin dry years,
when the magnitudeof the summerflood is only a fractionof the flow rate
during average years. (Table 1)

Table J. Salinity at Darganata in humid, average and arid years(KAYUMOV AND

IKRAMOV A, 1997)

morehumid average morearid years
years

Annual discharge km' 45 - 65 25 - 45 20-25
Salinity gil 0.6 ' " 1.8 (0.95) 0.7 .. . 2.0 (1.1) 0.85 . .. 2.2 (1.5)
range (average)

Figure 10 shows the salinity change in the main sectionsof the Amu
Darya for the period from 1932 to 1999 (IFAS, 2001). Since thebeginning
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Figure 10. Long-termsalinity development(lFAS, 2001)

of the 1960s, water salinity in the middle anddownstreamsectionof Amu
Darya has increased sharply .
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Table 2 summarizes the exceedingof concentration standards for dangerous
substances in the Amu Darya. Different patternsof prior problems are
visible for the different flow sectionsof the Amu Darya.

Table2. Endangering substances in Amu Darya

exceed edstandards

riv ersection drinkingwater fishery
(GOST,1983)

Upstream (Termez) phenols phenols
oil products oil products
suspended solids

Middle section salts salts
(Kerki, Chardgou, phenols phenols
Dargangata, Tuya- oil products oil products
muyn) suspended solids

Lower section salts salts
(Samanbay, Kiziljar) phenols phenols

oil products oil products
suspended solids pesticides
water hardness
pesticides
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Due to the high flowvelocity of the river (high turbulence,high erosion
capacity)and the largeamountof erodedsilt at the footof the Pamir-moun­
tains, the AmuDaryatransportsa hugeamountof suspendedmatter.Owing
to the hightransportcapacityand highsuspendedmatterconcentrations, the
river bedchangesrapidly in the flow sectionupstreamof the THC.

Measuredconcentrationsof suspendedsolids rangebetween1000 and
4000 mg/l. During the minimum flow period lower concentrationsoccur.
With the beginningof the flood period concentrationsof suspendedmatter
reach amaximum. Neverthelessthe suspendedmatterconcentrationsduring
the summermonths arehighly variableand thispreventsthe determination
of a typical concentration/dischargerelationship. The concentrationsare
much dependenton the transportcapacity and conditions in the preceding
year. Spatially, the highestsuspendedmatter concentrationsare presentin
the flow section beforereachingTHC . The settlementof particles in the
channelreservoirleads to asignificant reductionof suspendedmatter. The
suspendedmatterconcentrationin the reachdownstreamof THC is therefore
much lower.

The high concentrationsof dissolvedoxygenand the lowconcentrations
of nitrogencompoundsand BOD excludethe presenceof significantorganic
pollution loads andintensivebiological activities within the river. Samples
from Termez and Tuyamuyn show comparableconcentrationsand stable
water quality during all thesampledmonths. Data from the stationsdown­
streamof Tuyamuynindicatesa higherCOD.

Pesticideuse isdifficult to estimate, so pesticideexposurerisk is uncer­
tain. Currentdata areavailablefor DDT, alpha-HCHand gamma-HCH.AI­
pha-HCHandgamma-HCHaredetectedin the middle andupstreamreaches,
where concentration exceedsstandardsfor fishery purpose,but not for pota­
ble watersupply.

At the Amu Daryadelta, an increasein the proportionof return water and
reducedflow preventa comparabledilution. Herealpha-HCHconcentrations
frequentlyexceedstandardsboth for drinking waterand fisherypurposes.

The phenolconcentrationsmeasuredin all the Amu Daryasectionsrange
from 0 to 0.008 mg/I andmostly exceedthe critical thresholdof 0.001 mg/l.
In the upperanddownstreamsectionsthe concentrations are at acomparable
level. Major industrial pollution sourcesare locatedupstreamof Termez.
The stableconcentrationsalong the flowcourseindicatethat significantdeg­
radationprocessesdo not occur.
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The maximumpermittedthresholdof oil products (both for fishery use:
0.05 mg/l and for potablewater supply : 0.10 mg/l) areexceededby most
samples atSamanbayand Kiziljar in the delta region.Concentrationsfor oil
products exceed critical values also at theTennezand Tuyamuynsampling
points.

In the Amu Darya delta region not only the surface waters but also
groundwaterresources areaffectedby the extensive useofpesticides,defoli­
ants and fertil izers. A study site in Khorezm district indicatesmaximum
concentrationsof 0.16 ppm (ground water) and 1.33 ppm (soil) - cumulative
value for DDT and itsmetabolites(BODGADASAROV ET AL., 1998).

Summarizingthe evaluationof data from 1990 to 2002 indicates the fol­
lowing characteristicsof the Amu Darya:

- High salinity considerablyaffects the quality and theusabilityof the Amu
Darya waters.

- Phenolconcentrationexceeds standard norms. There are both natural (foli­
agedecompositionin upstreamriver sections) and industrial sources .

- Oil productsparticularlyendangersome aquatic habitats .
- Pesticideconcentrationsdeclined slightly during the last decade, but re-

main a serious problem.
- Heavy metalconcentrationsgenerally do not exceed the critical values in

the Amu Darya, but are a danger to some habitats owing toagglomeration
processes.

- The impactof organicpollution sources within the Amu Daryacatchment
area (upper and middle river section) isconsideredlow. The organic pol­
lution of the Amu Darya is reduced by intensivedegradationprocesses
andconsiderabledilution.

- Tracesof faecalcontaminationare below the limits indicativeof severe
pollution and do not greatly affect river andreservoirquality.

4. RESERVOIRS OF THE TUYAMUYN HYDRO­
ENGINEERING COMPLEX

Water quantity and water quality dynamicsof the Amu Darya are largely
affected by the Nurek dam in the upstream region andTuyamuyn
HydroengineeringComplex(THe) in the downstreamregionof the river.

The TuyamuynHydroengineeringComplexis the sourceof the irrigation
water for the Khorezm,Darshauz,andKarakalpakstanregions.Operationof
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the THC greatly influences thedownstreamwater quantity and qualityof
the Amu Darya. While the direct waterabstractionfrom the reservoir is low,
mostof the water stored in THC is discharged to the Amu Darya during the
irrigation season. Nevertheless the flowof the Amu Darya to the Aral Sea is
at a very low level. The water, which passes the THC is almost completely
consumed downstream by additional intake structures and irrigation chan­
nels. The total inflow to the Aral Sea was only 5 kmva in recent years, com­
pared with 50 - 60 km' /a before 1960 (UN, 2001).

Water quality in the THC mostly depends on the seasonal variationof the
inflow water quality and its alteration by storage, mixing, and transformation
within the reservoirs. Dam operation affects the suitabilityof water quality
for irrigation and for potable water supply. Simultaneously, dam operation is
determined by the seasonal demands for irrigation water, so the availability
of an adequate supplyof waterof a given quality and dam operation cannot
be considered independently.

As the salinityof the stored water increases, its suitability for irrigation
and as potable water decreases . For a better understandingof the
interdependenciesand boundary conditions for water resourcedeterioration
and for optimisation potentials, the maincharacteristicsand dynamicsof the
THC arepresentedbelow.

4.1 General aspects

The THC was constructed to impound the Amu Darya to provide water
for irrigation, industry and potable water supply for the lower Amu Darya
region. The hydroengineering complex is situated at the beginningof the
Amu Darya delta, 300 km southof the former Aral-Sea shore line. In 1981­
1983 the THC construction was completed.It consistsof four large dams
with an initial total storage capacityof 7.8 km' (Figure 12). Due to siltation
losses, the total storage was reduced to 6.8 km" in 2001 (Table 3).

Currently it is mainly used to provide irrigation water for the regionsof
Khorezm,Karakalpakstanand Daschauz. The entire irrigation area consists
of 1,138 Mio ha. 0.731 Mio ha are located in Uzbek territory and 0.407 ha
are partofTurkmenistan.
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Figure /2. Sitemapof the TuyamuyunHydroengineeringComplex (THC) andlocationsof

samplingareas. Kaparasreservoirhas only one inJoutlflowstructureat the western link to the

channel reservoir. The eastern link ispermanentlyclosed by a dam.

The main crop is cotton;otherfrequentcrops are rice and wheat.Furrow
irrigation is the usualtechnology,using an extensivechannel/collector sys­
tem. Becausemain water use is irrigation, the highestwater demandfrom
THe is during the vegetationperiod from March until September.In spring
(March and April) there is a largewater demandfor flooding fields and
leachingsalts from soils. In theremainderof the irrigation season,wateruse
by plants is the mainpurposeof irrigation.

In generalthe irrigation period is well supportedby the naturalseasonal
flow regime of Amu Darya (with a summerflood maximum in July), this
enabledirrigation sinceancienttimes .Becauseof the tremendousexpansion
of irrigation in the timeof the SovietUnion, the dams areneededto satisfy
increasedwater demandand changedseasonalwater demands.The field
flooding in springcoincideswith the Amu Daryaminimumflow.
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Table 3: Hydrological characteris tics of TuyamuynHydroen gineering Complex (THe) con­
sis ting of four interconnected reservoirs

Parameters Channel Kaparas SultansanjarKoshbu lak Total
reservoir

Full capacity (198 1) krn ' 2.34 0.96 2.69 1.81 7.80

Useful capacity(1981) km ' 2.07 0.55 1.63 1.02 5.27

Full capacity (200 I) km 3 lAO 0.96 2.63 1.81 6.80

Useful capacity (200 1) km 3 1.31 0.64 1.63 1.02 4.60

Area of surface atMOL ' km 2 303 70 149 128 650

MOL po int m a.s.l. 130 130 130 130 130

DLV" point m a.s.l. 120 120 116 120

Length km 102 15 24 26

Wid th Maximal km I I 9 12 11

Average km 4 4 8 6

depthat MO L Maximal m 20 36 38 4 1

Average m 7.7 13.7 18 14.2

depth at DLV Maximal m 10 26 28 3 1

Average m 208 9.3 10.8 12.7

Shallows area of 2mAt MOL km 2 93 6 10 7 116
depth At DLV km 2 59 4 2 9 74

'MOL - Maxim um OperatingLevel
"DL V - Dead Level Volume

Because of the expansionof irrigation annual variationof water stored by
THC becomes a problem. The THC was not designed to store enough water
to meet multiple year water needs. In some years the total flowof the sum­
mer flood is less than needed to meet water demand, and since available
water supply under low flow conditions depends largely on the previous
years flow, agricultural production is very much affected by water shortages
when prior year flows are inadequate. This occurred in 200 1.

The large dependencyof irrigation on the THC highl ights the strategic
importanceof the THC. In comparison to the past Soviet system, the inde­
pendencyof Uzbekistan andTurkmenistan results in a much more compli­
cated situation. As indicated in Figure 12 the border between Uzbekistan and
Turkmenistan runs along the Channe l reservoi r. The river dam is situated
both on Uzbek and Turkmen territory. All bypass reservoirs Koshbulak,
Sultansanjarand Kaparas are located in Turkmenistan.Uzbekistan has a
large irrigated area, the questionof controlling the dam operation is quite
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critical. There are anumberof agreements,which secureswatersupply for
Uzbekistan,but the overall coordinatedoperationof the THC mainly de­
pendson actualintergovernmentalrelationships.

Irrigation water, dischargedto the Amu Darya downstream,is also used
by a hydroelectricpowerplant. Theplant is located at the main damof the
Channelreservoirand used for regional and localelectricpowersupply.

While THC is used forirrigation in the first place, it alsoprovideswater
for some municipalities in the lower Amu Darya delta.There are two
pumpingstationslocated on the both sidesof the river. Thereis an operating
purificationplant fordomesticand industrialuse.

4.2 Reservoir Management

In general,water managementof the THC isbasedon the conceptthat
water can bedirectedto Kaparas,Koshbulakand Sultansanjarreservoirby
free surface flow,if the water at theChannel Reservoir reachesa level
higherthan the three bypassreservoirs. Filling of Kaparasreservoirmight be
independentof filling Sultansanjarand Koshbulak reservoirs.All water to
Kaparas reservoir until recently has passedthe channel reservoir. Water
storedin Koshbulakreservoirfirst must pass theChannelReservoirand then
the Sultansanjarreservoir. All side dams can beclosedby an intake struc­
ture, so theoutflow control is potentially independentas long as thewater
level of reservoirs locatedin front of it remainsat a lowerelevation.

Due to thedependencyof water elevationin the Channelreservoir, the
entire THC controldependslargelyon the overallhydrologicalconditionsof
the Amu Daryaregion. Inshortwateryears, both totalwateravailability and
operationschemesare limited.

Figure 13demonstratesthe overannualvariability of the THC operation.
At the beginning of the year depletion prevails (leaching the agricultural
fields). Filling takes placeduring the summerflood of the Amu Darya and
the subsequentmonths until the next spring.

The inflow of Amu Daryais about 30-35kmva underaverageconditions.
The time series in Figure 14indicatesthat mostof the outflow is discharged
to the Amu Darya downstream(80%). An averageof 20% is abstracteddi­
rectly to irrigation channelsfrom thereservoir,with a maximumflow of 500
rnvs . The time seriesof reservoiroutflow indicates also that thelargestvol-
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ume of water is discharged during the vegetation period. The total volume
for irrigation is greater than the amount discharged for leaching the fields.
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Figure 13. THC flow regime; differenceof total outflow and inflow(GLAVIDROMET)
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The current THC reservoirmanagementstrategy indicates an extended
water exchange in the entire complex. Due to the present mass exchange,
water quality dynamics are very much dependent on the temporal variations
of inflow water quality. In an average water yearapproximately25-timeof
the Channel Reservoir volume is flowing through it. At Kaparas reservoir a
volume of 320 million m' is not useable by the designof the water intake
structure. Nevertheless the complete usable volumeof 640 million m' is be­
ing emptied during the year.

Interaction between THC operation and resulting water quality can be
well demonstrated for the Kaparas reservoir . Salinity isof major interest
amongst the water quality parameters.

The salinityof the Kaparas reservoir is depending on the seasonal salinity
of the Amu Darya inflow and on the water already stored in the Channel
reservoir. The falling partof the summer flood wave ischaracterisedby
higher salinity. Storing this partof the flood wave in the Channel reservoir
results in a salinity increase. The impactof water with low salinity at the
beginningof the summer flood by mixing with a high salinity in the stored
water depends also on the amountof water discharged from Channel
Reservoir downstream in spring. Figure 15 demonstrates the bi-annual
variability of the salinity at the Kaparas reservoir as measured in 1990 and
1991(NIKOLA YENKO, 1991). The beginning period isdeterminedby high
salt concentrationsup to 1500 mg/I. During the summerstratificationoccurs
and salinity in top layers is lower than in deeper ones. After lowering the
reservoir in the early summer, the increasing volume after August is related
to a reductionof salinity.Neverthelessthe salinity remains high (about 1000
mg/l) compared to the minimum 692mg/1 on July 131\ 1990 and 697 mg/l
on July 30, 1991. During the following year, salinity increases again after
March, which is directly related to higher salinityof the inflow during the
Amu Darya low flow period.

The impactof salt release was presented bySAVITSKY (2003). He states
that the release rate reached an equilibrium levelof 5300 ton/month. The
intensity of the salt release from the bottom depends on the concentration
gradient, the intrusion in upper layers by wind mixing and by the residence
time of the water above. Modelling results byREDER (2003) indicates a
stable stratification during the summer month and wind mixing in spring and
autumn.
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Figure 15. Time-depth plot of salinity dynamics in Kaparas reservoir, period from March
1990until December1991

Kaparas reservoir could be considered as a non-eutrophicated system.
Oxygen profiles refer to frequent absence of anaerobic conditions in the
Hypolimnia. There is some oversaturation present in the surface layers, but
both algae biomasses (by chlorophyll-a and cell numbers) and nutrient avail­
ability remains low(CROSAAND CALAMARI , 2003)

Due to sedimentation during the water passes the Channel Reservoir, the
major part of suspended matter has already deposited when the water is in­
flowing to Kaparas. Nevertheless there is an annual variability of water
transparency. Small values of secchi-depth are 0,5 m (e.g. September 5th,
1990); high secchi-depth are about 2,5 m (e.g. June 30, 1990). Sometimes
secchi-depthsofonly 5 em have been measured.

Low secchi-depths and high concentrationof suspended matte occur
during the weeks after inflow to Kaparas. High secchi-depths can be ob­
served after the periodof sediment settling which can last up to one month.
The comparable low amountof suspended matter makes the Kaparas reser­
voir water quite suitable as a drinking water supply with reduced costs for
filtration.

The EU-INTAS project IWMT (INTAS-1043) is committed to test and
recommend enhanced water management strategies for the THC aiming to
document the feasibility of increased use of the Kaparas reservoir for drink­
ing water supply.
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5. FUTURE PERSPECTIVE, MANAGEMENT OP­
TIONS

Despitea tremendouseffort, improvementsin the Amu Daryabasinare
slow. In the past , mostefforts focusedon the shrinking Aral Sea,more re­
cently, there has been a focus onother aspects.Presentproject objectives
are :

• improvementof human health and living conditions for the local
population

• stabilizingthe remainingpartsof the Aral Sea
• protectionof sensitiveecosystems-lakes, wetlands,rivers andTugay

forests
The specific activities are interlinkedwith eachotherand havedifferent

time scalesin planning and completion. All activities are urgently needed
but they competefor the remainingwater resourcesand suffer additionally
from reducedwaterquality. The presentwaterstresspointsup the impactof
waterquality deterioration. As safewaterresourcesare reducedby pollution
the usablefresh wateris reduced.In particularin minimum run-offyearsthe
conditionsare critical.

As returnwaterin the Amu Daryaincreasesalongthe courseof the Amu
Darya water quality problemsalso increase. Return water reachesalmost
100%of the total flow in the delta to the Aral Sea.

In UNESCO (200 I) it is statedthat a two or three foldincreasein pro­
ductivity per cubic meter of water is requ ired. Theproductivity increases
would comeaboutthroughland improvementsthat diminishedsoil salinity,
lower conveyancelosses,improvedwaterdistribution,and amoreeconomic
use of water at the farmthrough technicaland economicmeasures. Better­
adaptedvarietiesare needed.More knowledgeablescientists, engineersand
farmersareneeded.

Due to anextremelylarge cost, up to16 billion dollars for a substantial
improvement(MICKLIN, 2003), it is not feasibleto simultaneouslyapply an
improvementprogramfor the entirebasin.

Spatial and temporal pollution variability

For long term safe freshwater resources,highestpriority must be given
to combatingpollution sources. Pastattemptsin CentralAsia demonstrates
the risk that thefinancial expenseswill result in a negligible effect, unless
treatmentsare limited in spatialextent.
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Consideration of spatial and temporal variations in pollution and trans­
port processes may be important. If low and high quality water can be sepa­
rated, there will be a reduction in treatment volume, an increase in efficiency
and reduced costs. For example, a treatmentof pesticides in constructed
wetlands is feasible(MOORE et al., 1999). The feasibility depends on the
flow and total treatment volume. Same is valid for the disposal of high saline
waters. A collection, pumping and disposal in natural depressions will only
be economic, if the volume (with highest concentrations) will be kept as
small as possible.

Another priority should be the detection of areas with high concentrations
of pollution, and to reduce pollution from sources that discharge to these
areas. Adsorption capacity, exchange rates and transmissibility/drainageof
soils may be used to identify sources discharging high volumes of pollutants.
Treatmentof specific sub areas may lead to reduce downstream loads. An
example would be the treatment of the Bukhara or Karshi region to improve
the inflowing water quality to THC and hence the water supply downstream.

Enhancedreservoir operation

Basic principle of an enhanced reservoir operation is to alter the time and
volume of filling, storage and withdrawal in a way to achieve both highest
available water quality and water quantity. When inflow to a reservoir is
polluted, the amountof high quality water is reduced.

In general the options have to be distinguished for two basic cases:

• single reservoirs: prevention of high polluted inflow by bypass­
ing or disposal upstream

• multi-reservoir systems: storingof water with different quality in
different reservoirs to protect the best water quality for the high­
est demand (drinking water supply and irrigation of sensitive
crops)

The improvementof water quality by modification of operation modes
has the advantage that it uses mostly existing infrastructure and is cost ef­
fective.

The Tuyamuyn Hydroengineering Complex demonstrates in an excep­
tional way the potential for improvementof regional water supply by
changing operation strategies. This is mainly feasible because the Kaparas
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reservoir is located as a side reservoirof the channel reservoir and is also
independentof Sultansanjar and Koshbulak reservoirs.

Current THC reservoir operation schemes are largely based on the rule to
store all inflowing water dependent only on the aspectsof temporal
variations in demand and availability and not considering different inflow
water quality . Fillingof Kaparas takes placepredominantlyin the periodof
October to January. Resultsof Reder (2003) and the IWMT project
(FROEBRICHAND KAyUMOV , 2003) indicates, that by changing the operation
modes, salinity reductionsof up to 40% might be feasible. Future activities
should therefore focus on facilities enabling a more independent flow control
and operation.

Implementing an enhanced reservoir operation scheme for the Kaparas
reservoir would have a significant impact on the future potable water supply
of the Amu Darya delta region.It is recommended to store as much water as
possible from the less mineralisedsummerflood (June - July) since higher
dilution during this period also indicates lowerconcentrationsof toxic sub­
stances. This would increase the potable water supply, even a 4 times in­
creaseofpotable water would not be limited by reservoir capacity.

The uncontrolled useof highly polluted irrigation water in the down­
stream regions is a problem. With an increasingly high proportionof return
water in the irrigation channels, a feasible pollution reduction up to potable
water standards is questionable. Therefore the extensionof the water supply
network from the Kaparas reservoir is needed to provide potable water for
human needs.

Enhanced reservoir operation depends on the availabilityof data that, de­
scribe the temporal fluctuationsof water quality and the movementof pollu­
tion waves across the catchment. The water quality monitoring system has
declined within the Amu Darya and Syr Darya. Many monitoring stations
fail to provide systematic data; others simply are not operated. The equip­
ment and methods used to sample and analyse water are not adequate. There
are no automatic monitoring devices to check water quality 24 hours a day.
Consequentlythere is a lackof detailed and reliable monitoring information
on surface water,groundwaterand drinking water (UN, 2001)

Additional problems are caused by differences in monitoring methodolo­
gies and equipment in the riparian countriesof Uzbekistan (Kazakhstan,
Kyrgyzstan, Tajikistan, and Turkmenistan), this casts doubt on the reliability
of the data and comparisonofdata between countries (UN, 2001).
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An improvementat this sectorcould be achievedsimply. A more dense
estimationof salinity time series by dailymanualmeasureswill providesuf­
ficient information to adapt thereservoiroperationto various inflow condi­
tions.

Reductionof waterlosses

The main limitation of enhancedreservoiroperationis that it is only ap­
plicable within the rangeof availablewater resources.There is no way to
increasethe total amountof water to combatproblemsresultingfrom mini­
mum-flow years.

To coveradditionalwaterdemands,and also forecologicalneeds or sta­
bilisation of Aral Sea level , the bestoption is to reducethe very largewater
losses.Futureactivities should not only focus on theirrigation system, but
also on the losses from the damoperation.In some cases (but mostevident
in the Syr Darya basin) thedemandsof the upstreamregions for Hydro­
powergenerationmay lead to aseasonalshift of flow in a way thatexceeds
the total storagecapacitydownstream.Such excesswater may beusedto
supportecologicalneeds. Toobtain an extendeduse of such waters, future
optimisationstrategiesshould include aspectsof transboundarywater man­
agementand seasonaloccurrenceof different types of losses. Also the
building of specific additionalreservoircapacityor the useof ponds should
beconsidered.

Site specificfarming

As irrigation is the major water consumerof Amu Darya, new farming
strategieswill provide additional water stressmitigation options. From the
viewpoint of reservoiroperation,the currentpracticeof leachingthe fields
shouldbe accomplishedby other measuresto reducesoil salinity. Highest
priority must be given to highgroundwaterlevels andadequategroundwater
management.The drainagesystem,groundwatermanagementand irrigation
practiceshouldbe dependenton local soil conditionsand focus first on the
highest polluted areas (in termsof salinity and maybe toxic chemicals).
Thereare numerouspast andcurrentprojectswhich describethe potential
for improvedfarming techniques.

The useof pesticidesand fertilizers shouldbe controlled. But, it is diffi­
cult to obtain sound dataaboutthe realapplicationof agro-chemicals.New
indices for a risk assessment(such as those .developedby CROSA AND
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CALAMARI (2003) should be used toencouragea shift towards less toxic
chemicals.)

Outlook

Independentof the Aral Seashrinking, first priority must be given to en­
able the long termaccessto savewaterand soilresourcesfor the inhabitants
in the Amu DaryaBasin.

Relatedto the catastrophicdimensionof the problemthe questionmust be
answered,how much industrialisation,agricultureand populationmight be
kept in theDeltaor couldbe concentratedin other regions. Obviouslya short
term changeis not feasible . But there is a need todeveloppreciseplanning
indicatorson the scaleof activities that aretolerableunder thepresentand
future water supplies. The existing problems in minimum-flow years
indicate the severeconsequencesof waterscarcitydue toclimate or global
change. Suchaspectsare not well representedin ongoing studiesand are
difficult to quantify. Otherglobal changeaspectsas theexpectedincreased
consumptionof Amu Daryawaterby Afghanistanand theKarakumchannel
in Turkmenistan(GLANTZ, 2002) must be stated moreprecisely in future
studies.
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MORPHOLOGICAL CHANGES IN THE ARAL SEA:

SATELLITE IMAGERY AND WATER BALANCE MODEL.
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1 INTRODUCTION
The Aral Sea, once the world's fourth largest lake, has suffered a

dramatic lossof both area and volume, as a resultof greatly reduced river
inflow brought about by increasing irrigation (mainlyof cotton and rice)
along the two rivers, Amu Darja and Syr Darja, that flow into it. The
ecological consequences are severe and have been discussed in a variety of
scientific publications (Micklin,1991 and 2000, Giese, 1998, Letolle,&
Mainguet, 1996).

Satellite images have helped to monitor and document the
desiccation process and to describe the associated morphological changes.
This includes changesof the water body itself as well as the related changes
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of the surroundingenvironmentand plantcommunities,such as the newly
formed desert areas like theso-called"Aral Kum" . Low spatial resolution
data such asNOAA-AVHRR has proven to be valuable to monitor the
desiccationon a frequent basis . The useof high resolutionsatellitedata has
been limited formorphologicalchange studies due tohighercosts (Resurs­
MSU-SKIE, Landsat-TM)and onlypartialcoverageof the lake surface. New
satellitesystems such asTerra-MODISare usefulbecauseof full coverageof
the lake, easy access on a daily basis andprovisionto researchersat no cost.
Besidesremote sensing data, GISmodelling techniqueshaveprovento be a
useful tool for forecastingthe desiccationprocessof the Aral Seaunder
specific circumstances.Severalprobablewater inflow scenarioshave been
assumedto forecast the futuredesiccationof the lake.Furtherinvestigations
will include automaticchangedetectionand automatedmonitoring of the
desiccationprocess.

2 DESICCATION MONITORING USING MULTISENSORAL
SATELLITE DATA

For the years 1985 to 1992 AVHRR satelliteimageryof NOAA-II and
NOAA-9 were used with spatialresolutionbetween1.1 km (LAC) and 4.4
km (GAC). For the year 1984 an oldChallengerHasselbladphotographwas
scanned, geocoded and resampled to 500m ground resolution for
comparison. Starting from 1996RussianResurs-MSU-SK data were used to
calculatethe water surface, as thissensorwith 170 m groundresolution
provides a more accurate source thanNOAA-AVHRR (Ressl, 1996).
Starting from the year 2002TERRA-Modis data were used in addition as
these data are freeof chargeand provide a ground resolutionof 250 m
(channel 1 and 2). These data are also anexcellent source for the area
estimationof the lake.

For each year socalled "land-watermasks"were calculated,which
make useof the different spectralbehaviorof water in the electromagnetic
spectrum. Figure 1 shows thecharacteristicsof water within the spectral
rangeof 0.5 urn to 1.0 urn. It can beclearly seen that thereflectanceof clear
water differs from turbid water.Becauseof the suspendedmaterial in the
water the reflection increasesin the redportion as well as in the infrared
portion of the spectrum. On the other hand there is asignificant absorption
of radiationof clearwater in the infrared . This fact can be used tocalculatea
simple ratiobetweenchannell (red) and channel 2 (NIR) toenhancethese
differences.In the following step athresholdvalue has to be defined, which
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separates the water pixels from land pixels. This"borderline"was extracted
by a visual interpretation and by a statistical analysis of the associated pixels.
Finally, a reclassificationof all pixels below and above this threshold was
undertaken to receive a "binary mask"of 0 (water) and 1 (no water).
Summarizing the numberof water pixels and multiplying the pixel
resolution gives the water areaof the Aral Sea. Figure 2 illustrates the water
masks derived for the observation period.
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Figure 1. Spectralcharacteristicsof clear lake andturbid river water

The changing morphologyof the Aral Sea shown in Fig. 2, which was
derived from satellite imagery for the different years, clearly demonstrates
the rapid desiccation processof the lake since 1960. This development is
especially obviousif the "growth" of the islands within the lake is
considered. The small island in the northern partof the lake, Barsakelmes,
connected to the mainland in 1996 and since then has literally been
"swallowed" by the expanding eastern shorelineof the sea. Even more
striking has been the growthof the island Vozrozhdeniya. Originally a tiny
island in the middleof the Aral, which was used for biological and chemical
weapon testing during the Soviet era, the island has enormously increased in
size owing to the falling sea level. For the first time in the year 2002, this
island also connected to the mainland to the south.
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The eastern shallow partof the large (southern) Aral Sea is suffering
the severest effectsof the desiccation process, whereas the western part of
this waterbody, with much greater depths and steeper shoreline has lost
relatively much less surface area. The reason for this can be understoodif
the lake'sbathymetry is analysed. For this purpose a bathymetric map, scale
1:500000 was digitized and analysed within a Geographical Information
System (GIS). Figure 3 shows the bathymetric map and a calculated 3­
dimensional view of the elevations derived from themap'sisolines.It can
clearly be seen, that the shallow eastern part, with a maximum depth of 28
m, is especially sensitive to the desiccation process. The determination of the
shoreline for different years as the sea dried and shrank is especially difficult
in these partsof the lake as the high contentof suspended materialdoesn't
allow a clear discrimination of clear water pixels from land pixels.
Especially when using NOAA-AVHRR data for area estimations this may
result in significant differences due to the large sizeof the water body and
the coarse pixel resolution. Up to the year 2002 the water surfaceof the
whole sea decreased to approx. 21,000km2 from originally around 69,000
km2 in 1960. Over the same time period time the level of the large Sea
declined by more than 20 meters. The maximum water depth of the shallow
eastern partof the large Aral Sea remains only around 7-8 m.

In addition in Figure 2 it can be seen that the separation of the large
water body to the south from the smaller portion to the north started around
1989. Since then the "Small Aral Sea" and the "Large Aral Sea" have
undergone different hydrological conditions. Originally the two tributaries,
Syr Darja and Amu Darja, discharged into a single water body. The Syr
Darja discharges now only into the small Aral sea. This discharge has been
sufficient to stabilize the size of the small water body since the early 1990s.
The discharge of the Amu Darja River to the Aral Sea has been greatly
diminished owing to heavy irrigation in its drainage basin. since the 1960s.
Some years in the 1980s and more recently in 2000-2001 it was zero or near
zero. Due to the high evaporation of approx. 1000 mm/yr. from thesea's
surface and insignificant precipitationof about 130 mm/yr. on the sea's
surface, along with a small groundwater contribution, the greatly reduced
inflow has led to a rapid desiccationof the large Aral Sea.

Satellite imagery modelling was also used to derive the actual sea
level associated with eachyear'swater surface area. For this purpose a high
pass filter was calculated over each binary land sea mask for every year. The
resulting"borderlines"describe the maximum extension of the water surface
for the individual years. These borderlines were interpreted as shorelines and
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were overlaid onto thedigital elevationmodel derivedfrom the bathymetry
map. Thepixels below the borderlinewere extractedin the following step
and statistically interpreted. The highest frequency was taken as the
representativesea level.The derivedvalueswere comparedto known actual
measurementsof the sea level from theliterature. The comparisonshowed
somedifferencesbetweenmeasuredsea level and thevaluesderivedby the
bathymetricmap. This is due to the fact that the map scaleof I :500.000 is
relatively crude and errors occur due to generalization,digiti sing and
interpolationroutines.Available bathymetricmapswith a scaleof 1:200.000
shouldbe able tominimize these errors. Thevaluesfor sea level in this study
should thereforebe seen asindications only and as ademonstrationof a
methodfor deriving sea levelusing bathymetricmap information (Table l ).
A Sovietera bathymetricmap of the Aral Sea in the scaleof 1:200,000 is in
possessionof the authors. If efforts to digitise this map aresuccessful,then
moreaccuratemodellingof sea level will bepossible. However,it shouldbe
mentionedthat new altimeter sensorswith advancedaccuracysoon to be
available on earth orbiting satellites will be able to measuresea levels
directly without additionalinformationsourcessuch asbathymetricmaps.

The resultsof the seasurfaceand sea levelcalculationsare shown in Table 1.

Table I. Area and sea levelestimationsusing satellite imagery

Year Area Area Sea Level Sea level
(in km') (Zakovu) (in m) (Zakovu)

(in km') (in m)
1960 69,384 70,000 53.0 53.4
1985 44,468 44,257 41.5 41.6
1986 43,278 42,517 40.5 40.9
1987 42,517 41,647 40.0 40.5
1988 41,470 40,777 39.5 39.9
1989 39,543 39,907 39.0 38.8
1990 38,163 38,167 38.0 38.0
1991 35,412 35,732 37.0 36.9
1992 33,635 34,460 36.5 36.2
1996 31,427 ------- 36.0 -----
2000 22,500 ------- 32.9 -----
2002 21,200 ------- 32.5 -----
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Aral Sea bathymetry

1

3-dimensional view

Figure 3.Bathymetrymapof the Aral Sea and3-dimensional view

3 FORECASTINGTHE DESICCATIONOF THE ARAL SEA USING
GIS METHODSAND WATER BALANCE MODELS

The moresignificant indicatorfor the desiccationof the Aral Sea is
the yearlywatervolume loss. Thedesiccationfrom one year toanothercan
appeardramaticdue to large area lossesalthoughthe actualvolumeloss may
be small. This isespeciallytrue in the veryshallowpartsof the easternbasin
of the Aral Sea. Forcalculatingactual volume losses, water budget models
can be used as well as GIStechniquesusing thebathymetricinformation.
The latter seems to bepromisingas there is fewergeneralisationinvolved.
Besides of monitoring the actual desiccationof the Aral Sea and its
consequences,it is more interestingfrom the ecological point of view to
forecastthe future state . For thispurposeseveralscenarioswere calculated
underdifferenthydrologicalconditions(RESSL, 1993).

3.1 Waterbalancecomponents

The water balance of the Aral Sea consistsof the following
components(Micklin , 1991):
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INPUT OUTPUT

Qr + Qu + (P*F)/l 06= (E*F) /106± (dh*F)/106

Qr = annualriver inflow by Amu Darjaand SyrDarja(in km')
Qu = annualnet groundwaterinflow (in krn')
P annualprecipitationon the seasurface(in mm)
E = annualevaporationfrom the seasurface(in mm)
F = averageannualarea (inkrn")
dh = Net annualsea levelchange(in mm)

The annualvolumelossesof the Aral Sea can becalculatedasfollowing :

VI = F*(En*10·3)-Z-G

VI = Volume loss inkrrr'
F = averagearea foryearI in kIn2

En = net evaporation(evaporationfrom seasurfaceminus precipitationon
seasurface)in meters

Z = waterinflow by Amu Darja and SyrDarja(in km')
G = groundwaterinflow (in km')

The resulting net annualsea levelchange(dh) in meterscan becalculated
from:

dh = (VI/F) * 103

3.2 Desiccation prognosis for the Aral Sea

Severalprognosesup to the years 2000 and2010were calculatedon
the basisof the valuesof the Aral Seaof the year 1992. Thisyearwas taken
as"StatusQuo" at that time.Crucial determininginput in the prognosiswas
the water input by the two rivers besides of groundwater input and
precipitationwhich was assumedto constant.The estimatedaveragerunoff
into the Aral Sea wascalculatedwith 10 km'. This value is probablystill to
optimistic as runoff at the hydrological stationsclosestto the Aral Sea in
1991 was only at 5km'. This probablytoo optimistic view gavesomewhat



85

higher values for the key hydrologic parametersof the sea (area, level,
volume) than were later determinedby direct observationsand analysisof
satelliteimagery.

Table. 2 showsretrospectivethe predictedvalues for the Aral Sea
calculatedin 1992 for theperiod 1992 - 2010

Table. 2.Desiccationprognos is for the Aral Sea

Year SI S I E-P Net- G Sic V Al
E

1992 36.5 32,985 10.0 0.887 29.3 2.0 0.524 234 1369
1993 36.0 31,616 10.0 0.887 28.0 2.0 0.507 217 1262
1994 35.5 30,354 10.0 0.887 26.9 2.0 0.491 201 1222
1995 35.0 29,132 10.0 0.887 25.8 2.0 0.475 186 1496
1996 34.5 27,635 10.0 0.887 24.5 2.0 0.452 172 1426
1997 34.0 26,209 10.0 0.887 23.2 2.0 0.429 160 1548
1998 33.6 24,661 10.0 0.887 21.9 2.0 0.400 149 1444
1999 33.2 23,216 10.0 0.887 20.6 2.0 0.370 140 1183
2000 32.8 22,033 10.0 0.887 19.5 2.0 0.342 132 931
2001 32.5 21,101 10.0 0.887 18.7 2.0 0.318 124 866
2002 32.2 20,235 10.0 0.887 17.9 2.0 0.293 117 808
2003 31.9 19,427 10.0 0.887 17.2 2.0 0.269 111 758
2004 31.6 18,668 10.0 0.887 16.5 2.0 0.244 105 688
2005 31.4 17,980 10.0 0.887 15.9 2.0 0.220 101 618
2006 31.2 17,361 10.0 0.887 15.4 2.0 0.196 97 551
2007 31.0 16,810 10.0 0.887 14.9 2.0 0.173 94 582
2008 30.8 16,228 10.0 0.887 14.4 2.0 0.148 91 496
2009 30.7 15,732 10.0 0.887 13.9 2.0 0.124 88 417
2010 30.6 15,314 10.0 0.887 13.6 2.0 0.103 86 347

Sl = Aral Sealevel in metersabovemeansealevel (msl)
S = Surfaceareain km2

I = Inflow in km'
E-P= Net evaporationin meters
Net-E=annualevaporationfrom the watersurfacein km'
G = annualnet groundwaterinflow in km'
Slc = Sealevel changein m
V = remainingvolumein km'
Al = annualarealoss in km2
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For the year 2000 the remaining water surface was calculated at
22,033km2 with an approximate water volumeof 132 km' . Sea level was
estimated at 32.8 m above msl. In the year 20I0 the water surface was
estimated at around 15,300 km-, with a volumeof around 86km' and a sea
level of 30.6 m.If this scenario proves accurate, there could be an end of the
desiccation process of the Aral Sea in the year 2017 as the diminished
evaporation due to the smaller water body would be equal to the annual
water input. With a levelof 30 m above msl and an approx. volume of 80
km' and a sea surface areaof 15,300km' , the Aral will only be a fractionof
its original size. The surface will be diminished about 78 %, the volume by
more than 90% with a sea level drop of about 23 m (Ressl, 1996). Following
that scenario the "Large Aral Sea" will divide again into two bodies as there
will form another land bridge at the northern tipof Vozrozhdenya island.
Both partsof the large Sea will have become so saline that all fish species,
even the most salinity tolerant introduced varieties, will have disappeared.

Figure 4 depicts the desiccationof the Aral sea for the years 200I
and 2002 on basis of Terra-MODIS satellite data. Morphological changes
can clearly be seen inthe northernpartof the largeSeafrom oneyearto
the next.. Although the overall sizeof the large Sea diminished over those
two years, in the northern partof the large Sea amountof water covered
surface is decidedly larger in 2002. This effect is due to the fact that in 2002
the outflow from the small Aral Sea to the large Aral Sea was much greater
than in 200I, which for the period from late spring to late summer created an
extremely shallow, but extensive "wetland zone" here. The morphological
consequences becauseof this can be significant and the actual size of the
lake, especially in the northern partof the eastern portionof the large Sea
can vary considerable. In order to calculate a representative sizeof the large
Sea these effects have to be considered.

Overall the desiccation process for the large Sea will slow down in
the future as the absolute evaporation diminishes as the water surface of the
shrinks (illustrating the operationof the classic negative feedback process).
The Small Aral Sea in the north most likely remains the same, as its level
has been stabilized by the inflowof the Syr Darja since the early 1990s.
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Figure 4.Morphological changesfor the Aral Sea owing to thedesiccationprocessin the
years 2001 / 2002

4 FUTURE AUTOMATIC MODELLING OF MORPHOLOGICAL
CHANGESOF THE ARAL SEA AND ITS DRY BOTTOM

Future focus will lie on the automated detection of changes of the
Aral Sea using remote sensing information in combination with GIS
techniques. Up to now there is a high portionof interaction in the process,
starting from the calibrationof the data, the accurate rectification, the
calculation of the channel ratios, the determination of threshold values, the
extractionofwater pixels to the calculationof the water surface, volume and
sea level. A major goal is the automationof these processing steps in one
operational processing chain without the need for human intervention.

Each step requires a high degree of accuracy to receive comparable
results. Automationdoesn'tappear to be so necessary in monitoring someof
the morphological changes of the Aral Sea, such as the annual sea surface
area, but for other related applications it is quite useful. For comparison
purposes, the water budget of the Aral Sea is usually calculated at the same
time of the year as seasonal variations can be significant. On the other hand,
there may be occasions where exactly these variations areof interest and a
weekly or even daily observation of the water budget of the lake is desired.
In this case automation is highly desirable. This can also be true when it
comes to the investigationof dynamic geophysical properties such as sea
surface temperature (SST), major water circulation patterns, or even the
extentof the ice cover during the winter months.

Automation is especially important when it comes to studying
dynamic processes such as those related to the evolutionof the dry bottom
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and the remaining ecosystemsof the Aral Sea. Seasonal dynamics within the
plant communities can be indicators of major ecological changes
(Ptichnikov, 1991). Phenological (i.e., stages of development) anomalies can
rapidly be investigated and also analysed within thematic processors as part
of the automated processing chain. Depending on the investigation subject,
the type of remote sensing input data is crucial. A return period of 16 days,
such as is characteristicof Landsat TM, may not be sufficiently repetitive to
accurately follow the phenologyof certain plant communities, especially
taking into consideration that not all satellite images will be cloud-free. On
the other hand satellite systems with high repetition such as Terra-MODIS
may be of limited use due to their lower spatial resolution. The automation
process can be extended to GIS applications for further data analysis,
modelling and data dissemination as well as product generation (e.g. maps).
Also from the pointof view of product production costs automation is an
important point to consider.

5 CONCLUSION

Morphological changes in the Aral Sea have been dramatic since
1960. Satellite images have helped to monitor, document and to investigate
the desiccationof the lake. Modem modelling techniques help to understand
the complexityof the problem and to forecast the desiccation process as well
as associated ecological developments. The combinationof satellite remote
sensing data and GIS techniques has proven to be an especially useful
combination for these investigations. In retrospect the scenarios provided for
the Aral Sea in 1992 for the year 2000 were quite accurate. It can be
assumed with reasonable assurance, therefore, that the extrapolation of the
desiccation trend up to the year 2010 has similar accuracy.It is also apparent
that remote sensing data from the earth orbiting satellites such as NOAA­
AVHRR, Terra-MODIS, Landsat TM and Resurs-MSU-SK have been
extremely valuable data sources for the desiccation monitoring.

The morphological changesof the Aral Sea will continue to be
significant in coming years. More important, nevertheless, will be the
continuous changesof the environment. These changes are well documented
though not understood in every detail. Satellite imagery from the new
generation satellite systems will help to enhance this knowledge.
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Chapter 4

ARAL SEA BASIN EVOLUTION:
GEODYNAMIC ASPECT

Bakhtiar Nurtaev
Institute of Geologyand Geophysics,Academy ofSciences of Uzbekistan

INTRODUCTION

The Aral Sea lies in the Aral-Sarykamysh depression, which is
bordered by the low plains of Central Asia. The climate is continental and
extremely dry, and surfacerunoff is virtually zero. Since direct
precipitation over the lake comprises only 10%of the water budget, lake­
level fluctuations are largely determined by changes in inflow from the
Amu Darya and Syr Darya rivers. These rivers originate in the highest
partof the Pamir and Tien-Shan mountains 1500 km southeastof the Aral
Sea. Since 1960 the lake level has been affected by irrigation activity in
the basinsof the Amu Darya and Syr Darya. The evolutionof continental
erosion and landforms is controlled by several parameters: tectonic,
climatic and anthropogenic factors. The arid climate developing in the
region also lead to a decreaseof the Aral sea surface and an increaseof
desertification (Kovda,1980). The important developmentof the
agriculture (cotton cultivation) since 50 years ago has led to a significant
modificationof the geomorphic systemof the Aral basin: (1) the natural
drainage network has been diverted for the irrigation, (2) the Aral sea
surface has strongly decreased, (3) the desertification has increased.
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Caution is important when identifying these observations as manifestation
of only antropogenic impacts, because sea level changes may be
complicatedby strong natural variability . For example, in the Arctic, this
variability is dominated by multi-decadal fluctuations with a time scaleof
50-80 years (Polyakov et al, 2002). But at the geological scale during the
last 6000 yr, the Aral Sea experienced many times large regressions and
transgressions, and wecan'texplain it by anthropogenic factors or climate
changes only. Over recent years, a numberof provoking studies have
explored the connections between sea level decline, climate change and
anthropogenic factors. So, the Aral basin is an exceptional natural
laboratory for studying these parameters , including the links between
orogenic processes and landscape modification. Geological processes
operate at rapid rates in this region, which allows scientists to
concurrently collect data on tectonic deformation uplift, erosion and
sedimentation, and develop comprehensive models that connect these
diverse problems. In such a context, the Aral basin is a preferential study
object of interaction between the respective partsof climate, tectonic and
anthropogenic impact on the evolutionof continental erosion and
landform.

DATING OF ARAL SEA LEVEL IN THE LATE
PLEISTOCENE AND HOLOCENE

Turan depression is the large depressional partof inner Asia which
has no connection with oceans.It is a partof the large beltof Mezozoic­
Cenozoic oil and gas bearing basins, orientednorth-north-eastextending
from the Western Siberian depression through Turan, Kaspian, Western
Iran and Mesopotamia to the PersianGulf and South East Arabia. The
most important causeof landforms processes in the Turan plate is : recent
tectonic movements and sediment transport by rivers from mountains .The
Aral Sea lies in theAral-Sarykamyshdepression, which was formed by
tectonic processes and wind erosion during the late Neogene
(Pinhasov,2000). Datingof Aral sea level in the Late Pleistocene and
Holocene has been unusually difficult owing to a varietyof reasons, and
large discrepancies exist between results from different research teams.
The timeof the last floodingof the Aral depression is debated: estimates
vary from some time after 24,000 yr BP ( Rubanov et al, 1987, Psheninet
al., 1984) to the beginningof Holocene, 10,000 yr BP (Kvasov, 1991). A
more widely-held hypothesis is that the modernconfigurationof the Aral
Sea resulted from the Amu Darya and Syr Darya flowing in the Aral
Depression 15,000-17000yr BP. Both higher and lower lake levels are
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indicated by terraces at73,65-68,57-58, 54.5, 53,43-44,40-41,35-36,
and 31 m above sea level. According to Gorodetskaya (1978) the older
they are, the higher the elevation. In the Middle Ages, sea level decreased
up to 31-35 m and a gypsum layer was sedimented. More severe decline
took place nearly 1500 years ago when during regression, the levelof the
sea was minimal - 27-28 m (mirabil it layers sedimented) and we may
assume that the situation was similar with the one existing now. We made
an attempt to compile all available dataof higher and lower lake levels,
obtained by previous researchers (Fig.1).
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Figure I : Aral Sea level changes during the last 6000years.

It shows distinct periodicity in sea level variations . The mechanisms for
such major shifts in sea level variability in the past are notwellfor such
major shifts in sea level variability in the past are not well understood, and
currently, it seems there is no explanationof a climatic process that could
lead to a mode change. Climateitself is formed as a resultof the
combination of different factors: external or astronomic factors,
geographical and geophysical parameters, atmospheric and only recently
antropogenic factors. If we analyze long term data, we can find evidence
that all these factors were characterized by strong variability and
periodicity.
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RECENT VERTICAL DISPLACEMENTS DATA

Regional data of present day vertical displacements are available for
Western Central Asia. At a regional scale two domains can be
distinguished: the northern domain, northof the 44 parallel with little or
no vertical displacement and the southern domain with significant uplift
>5 mmlyear (Fig.2). This domain undergoes regional uplift except in the
central part corresponding to the Amu Darya basin. Our observations
attest of an active propagationof the deformation within the Asian
platform several hundreds kilometers from the collision zonesof the
Pamir and the Kopet Dagh (Thomas et all,1999). In the Central
Kyzylkum desert, characterized by uplift ratesof 10-12mm, very active
seismicity appeared since the lateso" as a manifestationof tectonic
processes development. Large scale cracks and fissures, Kyzyk-Kum
earthquakesof 1968, Gazli 1976 and 1984 showed activizationof
geodynamic processes in the region. Previous seismic activity period in
this region has been known, from historical data, in the period 820­
1200th.
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Figure 2 : Mapof present-day vertical displacementsfor western Central Asia.
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Paleo Amu Darya river runs westward from the present day Amu Darya
river, to the Southern Caspian sea and was active most probably until the
Pleistocen. Such major change of the Amu Darya flow from E-W to SE­
NW is evidence for a regional uplift and in agreement with recent
instrumental data. The EW paleo-Amu Darya river bed stands within a
region showing about a 6 mm year uplift rate whereas it now flows to an
area where uplift almost vanishes relative to the surroundings.
Furthermore, before the last 7000 years the Aral sea was connected with
the Caspian sea through a fluvial network running to the south-west and
joining with the Paleo-Amu Darya south-eastof the Karabogaz. The
closureof this link is attributed to active tectonic uplift of the Karabogaz
relative to the Aral sea. 6000 years before the present historyof the Aral
Sea may be explained as periodical fluctuations of the Amu Darya river
from the Aral Sea depression to the Sarykamysh one and back. Another
factor, never taken into account before is the intensive explorationof oil
and gas in the Bukhara-Khiva region, beginning in 1957. Our observations
showed that billionsof cubic meters of water appeared in largest gas-oil
fields in the processof exploration.

CONCLUSIONS

Over recent years, a numberof provoking studies have explored the
connections between sea level decline, climate change and anthropogenic
factors. But anthropogenic factors played a key role only in the last 40
years. At the geological scale during the last 6000 yr, the Aral Sea has
experienced large regressions and transgressions, and wecan't explain
them by anthropogenic factors or climate changes only. Geodynamic
factors and river sediment transport played a significant role in the Aral
Sea level changes in the past.
These research results suggest that the current mode of sea level
variability encompassing the modem instrumental record is not
representativeof the full range of past sea level variability.
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Chapter 5

THE ARAL SEA CRISIS

Dr. Philip Micklin

Departmentof Geography, Western Michigan University (emeritus),
Kalamazoo, Michigan USA, 49006

1. INTRODUCTION

The Aral Sea is a terminal lake amidst the desertsof Central Asia. Its
size and water balance are fundamentally determined by river inflow and
evaporation from its surface. Until the 1960s, the Aral was theworld's fourth
largest lake in surface area. Over the past four decades, this water body has
rapidly and steadily shrunk as countries in the Aral Sea Basin have
increasingly taken inflow from its two influents, the Syr Dar'ya and Amu
Dar'ya, for expansionof irrigation. TheAral's diminution has directly and
indirectly led to an array of severe problems in the surrounding region,
ranging from degradationof major terrestrial and aquatic ecosystems to
deterioration of human health and welfare. National, regional, and
international efforts are underway to cope with these, but even their partial
alleviation will be enormously costly and require many years. Full restoration
of the Aral Sea to its former state is, at best, a remote possibility for the more
distant future. However, rehabilitation of portions of it and adjacent areas that
would partially restore former ecological functions and economic uses are
feasible.
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2. THE ARAL SEA: LOCATION AND CHARACTER

The Aral Sea resides amidst the great deserts (Kara-Kum, Kyzyl­
Kum, Betpakdala)ofCentral Asia (Fig. I). A terminal lake, it has surface
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inflow but no surface outflow . Therefore , the balance between inflows from
two rivers, the Amu Dar 'ya and SyrDar'ya, and net evaporation(evaporation
from its surface minusprecipitationon it) fundamentallydetermine its level.
Net groundwater exchange , which is difficult to measure, played an
insignificant role in thesea'swater balance (Bortnik andChistyaevaya,1990,
p. 38). In the recent geologic past (last 10,000-15,000 years) , the sea has
enduredsignificantlevel fluctuations , perhaps as much as 40 meters (Micklin,
1991, p. 42-43; Kes' 1978;Kes', Andrianov and Itina, 1980; Kes and
Klyukanova, 1990; Kosarev, Kostyanoy andMikhailov, 2003) . The major
level changes prior to 1960 resulted from diversionof the Amu Dar'ya
westward so that it flowed into theSarykamyshhollow (and sometimes
farther through the Uzboy channel to the Caspian Sea after itovertopped
Sarykamysh)rather than the Aral Sea. These diversions resulted from natural
events(sedimentationof the bed andsubsequentbreachingof the rivers left
bank during spring floods) and from advertant human actions(destructionof
dikes and levees, built to keep the river flowing to the, during timesof
conflict). However, from the mid-18th century until the 1960s, sea level
changes were less than 4.5 meters (Bortnik , 1996). For the periodof
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instrumental observation (1911-1960), the sea was unusually stable, with
annual inflow and net evaporation never far apart (the averageof eachof
these water balance components was around 55krrr' for the period) (Bortnik
and Chistyaevaya, 1990, p. 36; Micklin, 1994). Hence, the water balance was
in long-term equilibrium with a maximum lake level variationof less than one
meter.

The Aral Sea'sdrainage basin encompasses 1.8 million km2 falling
within seven nations: Uzbekistan, Turkmenistan, Kazakhstan, Afghanistan,
Tajikistan, and Iran. However, only Kazahstan and Uzbekistan are riparian
on the Sea proper, with each possessing an approximately equal lengthof
shoreline. The entire Aral coastline within Uzbekistan lies within that
nation's Karakalpakstan Republic.

At slightly more than 67,000knr', the Aral Sea, according to area,
was the world's fourth largest inland water body in 1960 (Micklin, 1991, pp.
42-54). As a brackish lake with salinity averaging near 10gil, less than a
third of the ocean, it was inhabited chiefly by fresh water species. The sea
supported a major fishery and functioned as a key regional transportation
route. The extensive deltasof the SyrDar'yaand Amu Dar'ya sustained a
diversityof flora and fauna. They also supported irrigated agriculture, animal
husbandry, hunting and trapping, fishing, and harvesting of reeds, which
served as fodder for livestock as well as building materials.

Over the past four decades the sea has steadily shrunk and salinized
(Figures 2, 3, 4 and Table I). The main cause has been expanding irrigation
that diminished discharge from the two tributary rivers to a fraction of earlier
volumes. The Aral separated into two water bodies in 1987 - a small Aral Sea
in the north and a large Aral Sea in the south. The Syr Dar'ya flows into the
former, and the Amu Dar'ya into the latter. Between 1960 and January 2003,
the levelof the small Aral fell by 13 meters and the large Aral by 23 meters.
A channel (river) has intermittently connected the two lakes, with the flow
from the large sea to the small. The area of both seas taken together
diminished by 75 % and the volume by 90%. Salinity in the small sea is
estimated to have doubled whereas in the western partof the large sea it has
increased by more than 6 fold. Within a year or two, the large Aral is likely to
divide into two parts - a "deep" western lake and a "shallow" eastern lake.

3. ECOLOGICAL , ECONOMIC, HEALTH CONSEQUENCES

The mainly human-induced desiccationof the Aral Sea and flow
reduction, salinization, and pollutionof its influent rivers has had severe
negative impacts (Micklin, 2000, pp. 13-23). Besides the consequences for
the sea proper, a zone around the waterbodyof several hundred thousand
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1976

Figure 2. TheChangingProfile ofthe Aral Sea

IS 19602011"f hd I .blTa e I. HYl ro ogre and Salinity Characteristics0 t e Ara ea, -
Year Level Area % of Volu %of Avg. Average %of

(meters) km2 1960 me 1960 depth salinity 1960
km3 (meters) Igil

I960(whole sea)" 53.4 67,499 100 1089 100 16.1 10 100
Large Sea 53.4 61,381 100 1007 100 16.4 10 100

Small Sea 53.4 6,118 100 82 100 13.4 10 100

1971 (whole51.1 60,200 89 940 86 15.6 II 110
sea)"
I976(whole sea)"48.3 55,700 83 763 70 13.7 14 141

1989 (whole 39,734 59 332 33 9.1
sea)"

Large Sea 39.32 36,307 60 332 34 9.1 28 280

Small Sea 40.2 2,804 46 23 28 8.2 28 280

2004 (whole 17,158 25 108 10 6.3
sea)"

Large Sea 30.4 14,293 23 85 8 5.9 80 to 480
over 100 600

Small Sea 40.4 2865 47 23 28 8.0 - 20 200

2011 (whole sea) 10,033 15 92 8 9.1

Large sea" 27.3 6,113 10 53 5 8.7 >150 1500

Small Sea" 44.5 3,807 62 37 37 9.7 < 15 150

"Valuesdenvedfrom Soviet data, data fromGlavgidrometof Uzbekistan , data from Shivareva,
et al..1998. fromMirabdullayev et al., 2003, from Friedich, Jani and HeidiOberhansli,2003,
from annualized water balance and salt balance models developed by the author as well as from
I:500,000and I :200,000 bathymetric maps and satellite imagery.b annual average C on
January I d the sea will have divided into a western and eastern parte assumes implementation
of north Aral project in 2004 fbased on few measurements taken in very shallow, coastal water
and maysignificantlyexaggerate average salinity
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Figure 4. MODIS imageofAral Sea. June2UU3
(NASA Visible Earth website)
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square kilometers with a populationof several million has also been damaged.
(Khvorog, 1992). The Republicof Karakalpakstan in Uzbekistan and
portions of Kzyl-Orda Oblast in Kazakhstan, have suffered the most harm.
Turkmenistan, although not abutting on the sea, has one Oblast, Dashauz, that
has been substantially impacted. Even within Kazakhstan, Uzbekistan, and
Turkmenistan, the territory suffering significant impacts is a small partof
each country's area and contains a minor portionof its population. The other
statesof the Aral Sea Basin (Kyrgyzstan, Tajikistan, Afghanistan, and Iran)
are so distant from the zone where intense effects are apparent that they have
suffered no demonstrable harm from the drying of the sea.

The substantial Aral fishing industries developed by Kazakhstan and
Uzbekistan in the firsthalf of the 20th century ended in 1983 as indigenous
fish (20 species), which provided the basis for the commercial fishery,
disappeared from the effects of rising salinity and lossof shallow spawning
and feeding areas (Micklin, 2000, p. 16; Micklin, 1991, pp. 49-50; Williams
and Aladin, 1991; Zholdasovaet. al., 1998; Ptichnikov, 2002). However, all
of these still survive in the deltaic lakes and AmuDar'ya and Syr Dar'ya
rivers, except the Aral salmon(Salrno trutta Aralensis) that has become
extinct. A few of the introduced salt-tolerant fishes remain (e.g., flounder,
known as plaice in Europe, sprat, and herring) mainly in the less saline small
Aral. Some have even flourished as competition from native varieties for
food disappeared. But allof these will vanish from the large Aral Sea by the
early 21st century as salinity rises. Flounder are both plentiful and edible but
are not caught commercially. Becauseof the loss of the fishery tens-of­
thousands were thrown outof work. Navigation on the Aral also ceased by
the 1980s as efforts to keep the increasingly long channels open to the major
portsof Aral'sk at the northern endof the sea in Kazakhstan and Muynak at
the southern end in Karakalpakstan became too difficult and costly.

The rich ecosystemsof the extensive AmuDar'ya delta, primarily
located in the Karakalpak Republicof Uzbekistan but stretching into
Turkmenistan have suffered considerable harm (Micklin, 1991, pp. 50-52).
Lesser, but substantial damage, has also accrued to the SyrDar'ya delta in
Kazakhstan. Greatly reduced river flows through the deltas, the virtual
elimination of spring floods in them (owing both to reduced river flow and
construction of upstream storage reservoirs) and declining ground water
levels, caused by the falling levelof the Aral Sea, have led to spreading and
intensifying desertification. Halophytes, plants tolerantof saline soils, and
xerophytes, plants tolerantof dry conditions, are rapidly replacing endemic
vegetation communities (Novikova, 1996, 1997). In some places, salts have
accumulated on the surface formingsolonchak(salt pans) where practically
nothing will grow. Expansesof unique tugay (vegetation communitiesof
trees, bushes, and tall grasses, including popular, willow, oleaster, salt cedar,
and reeds) that formerly stretched along all the main rivers and distributary
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channels here have been particularly hard hit. According to Dr. Novikova
(1996), a Russian expert, whereas tugay covered 100,000 ha in the Amu
Dar'ya delta in 1950, it shrank to 52,000 ha by the 1970s and to only 15­
20,000 ha by the mid-1990s. Tugay complexes around the Aral Sea are
habitats for a diversity of animals, including 60 speciesof mammals, more
than 300 types of birds and 20 varietiesofamphibians.

Desiccationof the deltas has significantly diminished the areaof
lakes, wetlands, and their associated reed communities. Between 1960 and
1980, the area of lakes in the AmuDar'yadelta is estimated to have decreased
from 49,000 to 8,000 km2 whereas the areaof reeds may have diminished
from 500,000 ha to as little as 1,000 ha from 1965-1986 (Chub, 2000, Fig.
3.3, p. 125; Palvaniyazov, 1989). This has resulted in serious ecological
consequences as these areas provide prime habitat for a variety of permanent
and migratory waterfowl, a number of which are endangered (Micklin, 1991,
p. 116). Diminution of the aggregate water surface area coupled with
increasing pollutionof the remaining water bodies (primarily from irrigation
runoff containing salts, fertilizers, pesticides, herbicides, and cotton
defoliants) has decimated aquatic bird populations. However, in the late
1980s and in the 1990s, significant efforts were made to restore wetlands and
their reed communities and to improve habitat conditions (Chub, 2000, p.
125). A 1999 survey, for example, indicated that the area of reeds for the key
lake/wetland in the lower delta, Sudochye, was 12,000 ha. (Dukhovnyy,
2003).

Irrigated agriculture in the deltasof the AmuDar'yaand SyrDar'ya
has suffered from an inadequacyofwater as inflow to the deltas has decreased
owing to heavy upstream consumptive use for irrigation. Additionally, water
that does reach the deltas has elevated salinity from the leachingof salts
caused by repeated usage in the middle and upper coursesof the rivers (World
Bank, 1998, pp. 3-5). At times over 2 grams/liter, these saline flows have
lowered crop yields and, in conjunction with inadequate drainage of irrigated
fields, promoted secondary soil salinization. Animal husbandry, both in the
deltas and desert regions adjacent to the Aral Sea, has been damaged by
reductionof the area and declining productivityof pastures resulting from
desertification, dropping groundwater levels, and replacementof natural
vegetation suitable for grazing by inedible species.

Strong winds blow sand, salt and dust from the dried bottomof the
Aral Sea, now largely a barren, salt covered desert with an area near 50,000
krrr', onto adjacent lands. Since the mid-1970s, satellite images have revealed
major salt/dust plumes extending 200 to more than 500km, allowing dust and
salt to settle over a considerable area adjacent to the sea in Uzbekistan,
Kazakhstan, and to a lesser degree, in Turkmenistan (Micklin, 1991, pp. 48­
49; Glazovskiy, 1990, pp. 20-23; Ptichnikov, 2002). One investigator,
however, has asserted that very light, fine particlesof dust and toxic salts are
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lifted several kilometers and travel 5-10 thousand kilometers before settling
back to earth (Tursunov, 1989). However, there is no scientificproofto date
that would validate such a claim. Satellite imagery for 2002 and 2003
(MODIS, SeaWiffs) does show salt and dust plumes extending for more than
500 km, and it is possible fine aerosols that would not show up on satellite
imagery could be carried farther.

Although dust/salt storms affect the entire zone surrounding the Aral,
most of the major storms occur with north and northeast winds, which most
seriously impact the Ust-Urt Plateau to the sea's west and the AmuDar'ya
delta at the south endof the water body (Bortnik andChistyaevaya, 1990, p.
27, Fig. 2.7). The latter is the most densely settled as well aseconomically
and ecologically important region around the sea. N. Glazovskiy (1990, pp.
21-22) reviewed the various estimatesof the total deflated material, ranging
from 13 million to as high as 231 million metric tonnes/year, which were
made in the 1980s. He concluded that the most probable figure was from 40
to 150 million tons. A careful study, completed in the mid-1980s, by well­
known geologists and experts on the Aral concluded annual aeolian transport
of salt alone from the dried bottom was around 43 million metric tons but
would decrease slightly to 39 million metric tons by 2000.1

Salts in dry and aerosol forms, the most harmfulof which include
sodium bicarbonate, sodium chloride, and sodium sulfate, are settling on
natural vegetation and crops, particularly in the AmuDar'ya delta
(Bel'gibayev, 1984). In some cases, plants are killed outright but more
commonly their growth (and for crops, yields) issubstantiallyreduced. The
salt and dust also has ill effects on wild and domestic animals by directly
harming them and by reducing their food supply (Palvaniyazov, 1989). Local
health experts also consider airborne salt and dust as a factor contributing to
high levels of respiratory illnesses and impairments, eye problems, and
possibly even throat and esophageal cancer in the near Aral region (Abdirov
et. ai, 1993; Tursunov, 1989). More recent field work by a British led group
indicates that salt and dust blowing from the dried bottom (and likely from
irrigated farmland in regions adjacent to the Aral Sea) is laced with pesticides
and heavy metals, which,of course would enhance the negative impacts on
humans and other animals(O'Haraet. al., 2000).

Owing to thesea'sshrinkage, climate has changed in a band up to
100 km wide along the former shoreline in Kazakhstan and Uzbekistan
(Micklin, 1991, pp. 52-53; Glazovskiy, 1990, pp. 19-21). Maritime
condit ions have been replaced by more continental and deseritic regimes.
Summers have warmed and winters cooled, spring frosts are later and fall
frosts earlier, humidity is lower, and the growing season shorter. Uzbekistani
climatological experts also believe that the increase in the levelsof salt and
dust in the atmosphere are reducing levelsof surface radiation and thereby
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photosynthetic activity as will as increasing the acidityof precipitation (Chub,
1998).

The population living in the "ecological disaster zone" suffers acute
health problems (Micklin, 1992; Medicins sans Frontieres, 2000). Some of
these are direct consequences of thesea'srecession (e.g. respiratory and
digestive afflictions and possibly cancer from inhalation and ingestion of
blowing salt and dust and poorer diets from the loss of Aral fish as a major
food source). Other serious health related problems owe to environmental
pollution associated with the heavy use of toxic chemicals (e.g., pesticides
and defoliants for cotton) in irrigated agriculture, mainly during the Soviet
era. However, the most serious health issues are directly related to 'Third
World' medical, health, nutrition and hygienic conditions and practices.
Bacterial contaminationof drinking water is pervasive and has led to very
high rates of typhoid, paratyphoid, viral hepatitis, and dysentery.
Tuberculosis is prevalent as is anemia, particularly in pregnant woman. Liver
and kidney ailments are widespread; the latter is probably closely related to
the excessively high salt contentof much of the drinking water. Medicalcare
is very poor,diets lack variety,andadequatesewagesystemsare rare.

Health conditions in the Karakalpak Republic in Uzbekistan, with the
possible exception of places in the formerly civil war tom Tajikistan, are
likely the worst in the Aral Sea Basin. Surveys conducted in the mid to late
1980s showed the average infant mortality rate at more than 70/1000 live
births whereas several districts adjacent to the former seashore ranged from
80 to over100/1000 live births (Micklin, 1992). These rates are three to four
times the national level in the former USSR and 7-10 times that of the U.S.
Although efforts have been made in the post-Soviet period to improve health
conditions here, it is doubtful these rates have declined in any substantial way.

Perhaps the most ironic and dark consequence of theAral's shrinkage
is the story of Vozrozhdeniya (Resurrection) Island. The Soviet military in
the early 1950s selected this, at the time tiny, isolated island in the middleof
the Aral Sea, as the primary testing ground for its super-secret biological
weapons program (Bozheva et. al., 1999; Wijinsema, 2000;). From then until
1990, they tested various genetically modified and"weaponized"pathogens,
including anthrax, plague, typhus, smallpox and other disease causing
organisms. These programs stopped with the collapse of the USSR in 1991.
Allegedly the departing Soviet military took measures to decontaminate the
island. As the sea shrunk and shallowed since the 1960s, Vozrozhdenia grew
in size and in 2001 united with the mainland to the south as a huge peninsula
extending into the Aral Sea. The fear is that some weaponized organisms
survived and could escape to the mainland via infected rodents or that
terrorists might gain access to them. The U.S. has committed $6,000,000 to
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help the Governmentof Uzbekistankill any surviving organisms(Science
Scope, 2002) .

4. IMPROVEMENT EFFORTS FOR THE ARAL SEA AND
REGION

The Soviet Unionlaunchedprogramsto improve the Aralsituationin
the late 1980s when thatgovernmentfinally admitted the existenceof a
seriousproblem(Micklin , 1991, pp. 68-81). Thefundamentalaims, but not
the majorplayers, haveremainedremarkablyconsistent: improve medical and
health services for thepeopleliving near the sea, ensure safedrinking water
supplies, improve ecological conditions in the delta of the Amu Dar'ya,
diversify the economyand improve local foodsupplies,and rebuild irrigation
system to raise theirefficiency in order to deliver morewaterto the Aral Sea.

After the collapseof the USSR in 1991, the new statesof the region
(Kyrgyzstan,Uzbekistan,Turkmenistan,Kazakhstanand Tajikistan)assumed
responsibility for dealing with the Aral situation. In March 1993, the
presidentsof the five republicssigned anagreementto promotecooperationin
solving the key problems (Micklin, 2002) . It establishedthe Interstate
Councilon theProblemsof the Aral Sea Basin(lCAS) [Mezhgosudarstvennyy
Sovet poprohlemambasseynaAral'skogomory]. A major purposeof the new
organizationwas to facilitate assistancefrom the World Bank and other
internationaldonors as well as assumeresponsibility for various Aral Sea
Basin assistanceprograms. The presidentsalso createdan InternationalFund
for the Aral Sea (IFAS)[Mezhdunarodnyyfond spaseniyaArala] with the
responsibility to collect revenue from each basin state for financingof
rehabilitationefforts . ICAS wasabolishedin 1997 andmergedits functions
into a restructuredIFAS The leadershipof IFAS rotates in atwo-yearcycle
among the Central Asian Headsof State;currently,Emomali Rakhmanov, the
PresidentofTajikistan,heads the fund.

Following independence, internationalaid donors began toplaya
major role inpromoting cooperationin the managementof the transnational
water resourcesin the Aral Sea Basin (Micklin , 1998, 2002). The World
Bank (InternationalBank for Reconstructionand Development- IBRD) was
the first major agency tobecomeinvolved. In the early 1990s, the Bank
worked with Aral Sea Basingovernmentsto formulate an Aral Sea Basin
AssistanceProgramme(ASBP) to be carried out over 15 to 20 years .
Initially, planning and implementationof the program was estimatedat a
around250 million USD, later upped to 470 million USD (World Bank, 1996,
Annex 3). The main goalsof the program were (1) rehabilitation and
developmentof the Aral Sea disaster zone, (2) strategicplanning and
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comprehensive managementof the water resourcesof the Amu Dar'ya and
Syr Dar'ya, and (3) building institutions for planning and implementing the
above programs. The Bank encouraged the basin states to create ICAS and
IFAS and has worked with and through these organizations to realize the
ASBP. Afghanistan was invited to join the ASBP but did not respond to the
overture (World Bank, 1998, p. 9).

The latest aspectof the Bank funded effort, supported through the
Global Environmental Facility (GEF), is the Water and Environmental
Management Project (World Bank, 1998, pp. 19-34; see also program website
at grida.no/aral/wb/wemp). Work on this project began in 1998 and finished
in 2003, at a cost of 21.5 USD million. In line with a new emphasis on
regional responsibility for the ASBP, the Executive Committee of IFAS
managed the program, with the Bank playing a cooperative/advisory role.
Key tasks were (1) improvementof the managementof water and soil salinity
related to irrigation practices, (2) developmentof low-cost, local, on-farm
water conservation measures, (3) reductionof the amountof irrigation
drainage water flowing back into rivers, (4) strengthening the existing
interstate water sharing agreements, (5) improving public awareness of
critical water problems, (6) enhancing dam and reservoir management and
safety, (7) monitoring of water quality and quantity at transboundary river
crossings, and (8) implementing a program to restore wetlands in the lower
Amu Dar'ya delta, particularly Lake Sudoch'ye, which has been
recommended to be a RAMSAR (wetland of international importance) site.

A numberof other international donors, directly or indirectly, have
been contributing to Aral Sea region improvement. The United States
Agency for International Development (USAID) funded the Environmental
Policy and Technology (EPT) project, running from 1993 to 1998, which
financed measures to improve drinking water supplies in the AmuDar'ya
delta, aided in the formulation and implementationof regional water
management policies and agreements, and provided advice on water
management issues to specific governments (Micklin 1998). A smaller-scale
follow-up project in 1999 and 2000 provided further assistance.

USAID initiated a new, major effort in 2001 known as the Natural
Resource Management Project (NRMP) (for information, see the project
website at www.nrmp.uz).This is a 5-year effort focusing on providing
assistance to Kazakhstan, Kyrgyzstan, Turkmenistan, Uzbekistan and, to a
lesser extent Tajikstan, to improve managementofwater, energy, and land.

The European Union initiated a major aid program for the Aral Sea
Basin states in 1995 known as the Water Resources Management and
Agricultural Production in the Central Asian Republics Project (WARMAP)
(Micklin, 1998). Key objectives of the program were to assist the five former
Soviet republics to develop policies, strategies and development programs for
utilization, allocation and managementof the water resourcesof the basin;
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and to assist at the regional level with the establishment of the institutional
structure for allocation and managementof interstate waters. Phase I and 2
were completed by mid-1997. Major accomplishmentsof this program were
developmentof a GIS (Geographic Information System) based land and water
database for the basin (WARMIS), providing help to the World Bank and
ICAS (now IFAS) in their efforts to improve and legally codify the 1992
interstate water sharing agreement among the new statesof the basin and
funding of training seminars and workshops, and an attempt to gather detailed
data on irrigated water use at the farm level through a Water Use and Farm
Management Monitoring Survey (WUFMAS) (World Bank, 1998, pp. 8-9).
A continuation/follow-on project to WARMAP began in 1998.

The United Nations has been providing assistance on the Aral Sea
Crisis since 1990 when a joint UNEP/Soviet working group on the Aral was
formed (Micklin, 1998). This aid has continued and expanded in scope in the
Post-Soviet era. UNESCO (United Nations Educational, Scientific and
Cultural Organization) funded a research and monitoring program for the near
Aral region from 1992-1996 focusing on ecological research and monitoring
in the Syr Dar'ya and Amu Dar'ya deltas (UNESCO, 1998). The overall
intent was to model the terrestrial and aquatic ecosystemsof the study area in
order to provide a scientific basis for implementationof ecologically
sustainable development policies. The project relied mainly on the expertise
of scientists and technicians from the Central Asian Republics and Russia
with limited involvement of foreign experts. UNICEF (United Nations
Childrens' Fund) launched the Aral Sea Project for Environmental and
Regional Assistance (ASPERA) in 1995.It provides assistance to the disaster
zone around the sea and focuses on health, nutrition, health education, water
and environmental sanitation, and support to NGOs.

UNDP (United Nations Development Program) has also been very
active in Aral Sea region activities. This organization has had two primary
foci: strengthening regional organizations that have been established to deal
with the Aral Crisis (earlier ICAS and IFAS, now the reconstituted IFAS) and
promoting sustainable development to improve conditions for the several
million people in the partsof Kazakhstan, Uzbekistan, and Turkmenistan that
are closest to the Aral Sea. UNDP also convened the International
Conference on the Sustainable Developmentof the Aral Sea Basin, held in
Nukus, Karakalpakstan in September 1995 which led to the signing by the
five Central Asian presidents of a Declarationof Central Asian States and
International Organizations on Sustainable Development of the Aral Sea
Basin. The document commits the five states to pursue sustainable
development in the managementof land, water, biological resources and
human capital.

The North Atlantic Treaty Organization (NATO) has become
involved in Aral Sea region activities through its Scientific and
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Environmental Affairs Division. The first NATO sponsored event was an
Advanced Research Workshop (ARW) titled "Critical Scientific Issues of the
Aral Sea basin: Stateof Knowledge and Future Research Needs" held in
Tashkent, Uzbekistan during May 1994 (Micklin and Williams 1996). A
second NATO ARW with an Aral theme took place in Wageningen, the
Netherlands in January 1995. The focus was on irrigation, drainage and the
environment in the Aral Sea Basin.

Since 1995, the NATO Science Division has been a main sponsorof
work (along with the German Remote Sensing Center in Munich, Department
of Geography, Western Michigan University, Kalamazoo, Michigan,
Institutesof Geography and Water Problems, Russian Academy of Sciences,
Moscow, and Departmentof Geography, Karakalpakstan State University,
Nukus, Uzbekistan) to develop a comprehensive land and water GIS for the
Amu Dar'yadelta and Aral Sea. This system is intended to serve as a key
tool for decision-making on land, water, and environmental management in
the delta. The project has been cooperating closely with the governmentof
Karakalpakstan to establish indigenous GIS capabilities through continuing
developmentof a GIS center at Karakalpakstan State University in Nukus.
The Center serves as a training site for local specialists and scientists in GIS
techniques and also operates a program for monitoring environmental
conditions in the AmuDar'ya delta and in the Aral Sea. The Science for
Peace (SfP) program of the Science Division has been in recent years the
main supporter of this work

SfP has also supported another project to develop an environmentally
appropriate water management regime, implemented through a decision
support system based on GIS and a set of hydrologic models, for the larger
lakes/wetlands that have been created or restored in the Amu Dar'ya delta.
This project involves cooperation between the Scientific Information Center
of the ICWC in Tashkent and the private consulting firm Resource Analysis
in the Netherlands. (For more information on NATO funded efforts see
NATO/OTAN, 2003, pp. 153-154 and 189-190, SfP 974101 website at
http://sfpp.nm.ru and SfP 974357 website at http://www.icwc-ara1.uz).

5. THE FUTURE OF THE ARAL SEA

What could the future hold for the Aral and its adjacent area?
Can the sea be returned to its pre-1960s size and it as well as the severely
impacted adjacent zone, particularly the deltaof the AmuDar'ya, restored to
their former ecological condition? If not, what improvement measures are
rational and feasible to undertake.
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5.1 Aral SeaRestoration

From 1911-1960, discharge to the Aral from the AmuDar'yaand Syr
Dar'ya averagedapproximately55 km'zyr and supported the sea at around 53
meters above msl (mean sea level) with an area around 67,000km2 (Table I) .
This is generally accepted as the modem (i.e.,pre-desiccation)stateof the
lake, although, a longer historical perspective shows the Aral in oneof its
high phases during this period. Beginning in the mid-1960s, river inflow to
the sea started a persistent decline owing to both natural and human influence,
with the latter far and away the dominant factor (Micklin, 1991, pp. 44-45).
The Aral shrank in parallel with the decrease in inflow. During the 1980s,
discharge to the lake averaged only 6km3

_ 11%of the 1911-1960figure.' For
most of the 1990s, the Aral Sea basin experienced a return to a high-flow
cycle. Average combined dischargeof the two rivers exiting the mountains
averaged 104 knr' for 1990-98, compared to a 40 year (1959-98) figureof 94
km' zyr.' Estimated inflow to the sea for this period averaged 14-15krrr'.
Severe drought affected the mountainous, flow generating regionsof the Aral
Sea basin from 1999 through 2001. (Agrawala, 2001). Average annual
discharge to the Aral Sea during this period was probably no more than 2 krrr',
with most of the water entering the small Aral from the SyrDar'ya and
practically nothing flowing to the large Aral from the AmuDar'ya. Assuming
continuationof basin withdrawals typicalof recent years, and average annual
outflows from the zonesof flow formation typical of recent decades, a
conservative but reasonable estimateof long-term average annual future
inflow to the sea is around 10 krrr' (the"businessas usual" scenario) .

Under the business as usual scenario, restorationof the Aral to its size
during the first six decadesof the zo" century would require raising average
annual discharge to the sea by approximately 45 knr', or 450 percent, bringing
total inflow to 55krrr'. Supporting the Aral close to 50 meters above msl with
an area near 59,000 krrr', according to historical, literary, and cartographical
evidence, the lowest and smallest the sea was in the 200 years prior to the
early 1970s, would entail raising inflow to 43knr', an increaseof 33 km' or
330% (Bortnik, 1996). To stabilize the sea at its January 2004 sizeof 17,400
km2 would require an increase in inflow to near 16 krrr', 60% above the
business as usual figure. Even during the higher flow periodof 1990-1998,
after upstream withdrawals, there was insufficient inflow to the Aral to stop
the sea's recession. In dry cycles such as most years in the 1980s and 1999
through 2001, practically no water reached the sea and desiccation proceeded
alarmingly rapidly.

In a regional context, the only realistic means for substantially
increasing inflow to the Aral is reducing the consumptive useof water for
irrigation in the sea'sdrainage basin. The reason is simple: this water
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intensive activity, conducted on around 7.9 million hectares and the basisof
agriculture here, accounts for 92%of withdrawals and an even larger shareof
consumptive use (Ruziev andPrikhod'ko, 2002;).4 The largest irrigated
hectarage in the basin is found in Uzbekistan, and Turkmenistan; these two
nations, respectively, account for 54% and 22% of all irrigation withdrawals
(Micklin, 2000, p. 37). It is irrigation that has depleted the flowof the Amu
Dar'ya and SyrDar'ya and led to the great reduction in discharge of these
rivers to the Aral as well as the consequent desiccation of the water body with
all its attendant negative ramifications.

Irrigation in the Aral Sea basin is inefficient. Substantial
improvements to it, technical, economic, and institutional, could save
considerable water. Attempts are underway to implement improvement
measures, but the substantial and comprehensive program needed would be
extremely costly and faces concerted opposition from forces within
governments and from segmentsof the public. Taking costs as an example:
complete renovation of irrigation systems on 6 million hectares could likely
save 12krrr' ryearbut would cost at least 16 billion USD (Micklin, 2002). To
reach the maximum potential savings of 28krrr' (based on technically,
economically, and institutionally reforming irrigation on the"Israeli" model)
would cost multiples more. These figures are far beyond the willingness and
ability of the basin states, in combination with international donors, to pay.
Furthermore, the technical conditionof irrigation systems in the basin, far
from improving, is steadily deteriorating owing to inadequate funding for, and
lack of management responsibility over, operation and maintenance activities.

Converting moreof the irrigated area to less water intensive crops
(e.g., substituting grains, soybeans, fruits, and vegetables for cotton and rice)
and reductionof the irrigated area are other meansof significantly reducing
water usage in irrigation (Micklin, 2002). The former strategy is being
employed. Between 1990 and 1998, the areaofcotton as a percent of the total
irrigated area dropped from 45% to 25% percent while the areaof winter
wheat rose to 28%. (Dukhovnyy and Sokolov, no date). This probably was a
major factor in the drop in irrigation withdrawals from 109 to 92 knr' (16%)
at the same time the irrigated area increased 10%. However, there are limits
to such a program as the two primary irrigating nations (Uzbekistan and
Turkmenistan) are intent on keeping cotton as a major crop since it plays a
key role in earning foreign currency. Reductions in the irrigated area are
unlikely in the near to mid-term future. All the former Soviet republics,
except Kazakhstan, intend to expand irrigation, mainly to meet food needs for
a growing population.

Considering the above, it is extremely doubtful that the Aral could be
restored to 53 meters (the 1910-1960 average) or even 50 meters (the pre­
1970s 200 year minimum) in the foreseeable future. The former would
require increasing average annual discharge to the sea by 45 km3 over the
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estimated future inflow figureof 10knr'. This would mean decreasing basin
wide consumptive usage by a somewhat larger amount tocompensatefor
natural lossesof the net additions to flow before they reached the sea.
Accepting an estimateof these at 14% (ICAS, 1996, chapter 7, Tables 7.1 and
7.2) means that thereductionin basinwide consumptiveusewould need
to be 52krrr', Similar figures to support a50-metersea level are 33 and 38
krrr' . These amounts are far above even the most optimistic and costly
scenarioof water useefficiency improvements and could only be met by a
major cut-back in irrigation that would wreak economic and social havoc on
the countriesof the basin that are the major usersof water for irrigation..

Of course it is possible to bring water to the Aral Sea from outside
Central Asia. During the latter partof the Soviet period, water managers in
Moscow and in Central Asia proposed diversionof massive flow, up to 60
km' , from Siberian rivers to the region as the panacea forperceivedwater
shortage problems (Micklin, 1991, pp. 60-68). The initial stageof this project
would have taken 27kIn3 from the Irtysh-Ob river system in the Western
Siberian regionof Russia. It was on the vergeof implementationwhen
stopped by the Gorbachev regime in 1986. Although real and serious
potential ecological threats(of regional, not global magnitude as claimed by
some opponents) were given as thechief reason for canceling the project,
economic considerations were the fundamental factors in this decision
(Micklin, 1987).

This grandiose scheme continues to be discussed and promoted in
Central Asian water management and governmental circles and in more recent
years has, again, found a sympathetic ear among some watermanagement
professionalsand bureaucrats in Russia, including Yuri Luzhkov, mayorof
Moscow and N.N. Mikheyev , the First Deputy Ministerof Natural Resources
(Mikheyev, 2002; Polad-Zade, 2002; Temirov, 2003). However,
implementationof this project in any but the far term, if ever, seems a pipe
dream. Costs would be enormous, at least 30 billion USD by latest estimates,
and evenif Russia were willing to help finance the project, it is doubtful
sufficient funds could beaccumulatedfor construction (Temirov, 2003).
International donors, such as the World Bank, given their newfound
sensitivity to environmental concerns, have stated opposition to such a project
(Interfax Information Agency, 19 August, 2002). Finally, there is tremendous
opposition among Russians to sending water from their precious Siberian
rivers to Central Asia where, in their view, it would be wasted. Even if
implemented, much less than the 27kIn3 diverted, probably less than 15,
would reach the Aral owing to substantial evaporation and exfiltration losses
in the transfer system, withdrawals along the route for irrigation and other
purposes, and usage in Central Asia for irrigation. Certainly, it would be
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more rationalto spendpreciouscapitalandeffort on improving regionalwater
managementratherthan importingwaterfrom Siberia(Kamalov,2003).

5.2 Mitigation Scenarios

Although restorationof the Aral to, or near, itspre-1960slevel and
ecologicalstate is notviable in the foreseeablefuture , partial restorationand
rehabilitation of sections of the sea arefeasible as is improvement of
environmentalconditionsin the Amu Dar'yadelta. Theprimarycandidatefor
restorationis the small(northern)Aral (Aladin and Plotnikov, 1995). Its level
has beenrelatively stable(severalmetersvariation) since its separationfrom
the large ,southernAral in the late 1980s.Becauseits area ismuch smaller
than the large sea, aninflow of 4.5 krrr' on anaverageannualbasis(for 1987­
98 the figure wasaround4 km') could within 7 years (by 2011, assuming
implementationof the project in 2004) raise its level tonear45 metersand
area tonear4,000 km' , while lowering salinity to less than 15gil (Table 1).
By 2025 (Fig. 3), the seacould reach47 meters,have an areaof 4310 km',
and reachsalinity below 10 gil (similar to 1960). Thiswould provideoptimal
habitatconditionsand allow for the flourishing of indigenousfishes that now
live most of the time in the SyrDar'yawith the concomitantrestorationof a
commercialfishery ; restorationof limited commercialnavigationmight also
be possible. With more inflow the seacould be restoredin a shortertime and
sustainedat a higher level. If Syr Dar'ya water that hasbeenperiodically
dumped into the artificial desert Lake Arnasay, averaging 3.6 krrr'zyr for
1993-19975, were to beaddedto the flows reachingthe small Aral, itshould
be no problemto maintain dischargeto this waterbodyat an averageof 4.5
krrr' ryr andprobablyconsiderablyhigher."

Realizationof this project would expensive. First of all, the flow
from the small to large sea must becontrolled. Local Kazakhauthoritiesin
the early 1990sconstructeda crudedike to block the channel(river) that had
formed between the two seas. However, the dike in the ensuing years
periodicallywashedaway. In 1997, theyreplacedthis makeshiftfacility with
a 20 km long, 26-meterwide dam thatraisedwater levels by severalmeters
by early 1999(Optimismrises .. ., 1999). Theexistingdam was"overtopped"
by wave and wind-running action in April 1999 and breachedwith a
significant loss of water (Dukhovnyy, 1999). Secondly, the channel
downstreamof the Chardarareservoir on the Syr Dar'ya is incapableof
handlingheavierflows, particularly in winter when it is ice-choked,and must
be clearedand improvedto allow flows now sentto Arnasayto be divertedto
the smallAral. TheWorld Bankhasapprovedfunding (84 million
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Figure 5. Projects Scenario f orAral Sea in 2025

USD) for constructionof an engineeringly sound dike, a control gate
and channel from the small sea to the large sea, and for improvements to the
Chardara dam and lower SyrDar'ya channel below the dam (World Bank,
1998, p. 10; Eurasianet, 2002; Pala, 2003).. Work is reportedly underway and
will be completed in 2004. The project will raise the levelof the small Aral
by around three meters.

The southern, large Aral Sea is a different story. To even stabilize the
Large Aral Sea at its January 2004 levelof 30+ meters and areaof around
17,400 km2 would require increasing inflow to around 15krrr' . Perhaps
around a kilometerof this could still arrive from the Small Aral after
implementationof the diking project for that portionof the Aral, but the
remaining 14 km3 would need to be supplied by the AmuDar'ya-an increase
of 7-8 krrr' above the average annual dischargeof this river to the sea for
1987-2002. Attainmentof such an increaseof Amu Dar'ya inflow is
possible, but realistically improbable in the near or even mid-term future.
However, there is a potential"silver lining" to this generally gloomy picture
of the future Large Aral Sea:Artemiaparthogenetica. This tiny brine shrimp
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proliferates in salinities from 100 to 500 gil (Ptichnikov, 2002). The salinity
of the Large Aral will soon enter this range. Already the shrimp are numerous
in some parts of it. The shrimp eggs are gathered, dried, and sold as fish food
(the dried eggs when rehydrated hatch into shrimp) at $11 to $33 per kilogram
(Pala,2003). The shrimp could be artificially raised in the Aral and provide a
major new industry based on an otherwise economically useless waterbody.
A consortiumof companies based in Belgium is investigating the commercial
viability of Artemia in the LargeAral ,

A strong case may be made that it is wiser to use the residual flowof
the AmuDar'yafor rehabilitating and preserving deltaic ecosystems owing to
their natural, economic and human benefits rather than being dumped into the
large Aral Sea to evaporate. Rehabilitation and partial preservationof the
Amu Delta and its wetlands has been a priority since the late 1980s, first by
the Soviet government and subsequently by the new statesof Central Asia,
and international donors. The prime objectiveof the most recent program
known as the Aral Sea Wetland Restoration Project (ASWRP), which was
implemented by the International Fund for the Aral Sea and funded by the
Global Environmental Facility, has been partial ecosystem rehabilitation
through creationof artificial ponds and wetlands in the delta and on the dry
bed of the Aral Sea (IFAS, 2000, pp. 19-23). Specific benefitsof
lake/wetland restoration are enhanced biodiversity, improved fisheries, greater
forage production, treatment of wastewater by aquatic vegetation, and some
reduction in salt and dust transfer from the dried sea bottom to arable lands
(The Aral Sea Basin Sustainable Development Commission, 1998, pp.59-81).
A companion measure is the revegetation/reforestationof partsof the dried
bottom to stabilize them and lower their deflation potential. With the
completion of parts 1 and 2of the project, some 73,000 ha will enjoy
improved conditions for both flora and fauna. The aggregate cost of parts 1
and 2 was $6 million USD.

Experts have estimated that 4-5 km' of water (mainly relatively clean
river flow supplemented by irrigation drainage) are needed to support
minimally acceptable "hydroecological conditions" in the lower deltaof the
Amu Dar'ya, including the natural and artificially created lakes and wetlands
there (MKVK, 2002, p. 39). Thus, some water would be left, most years, to
send to the large Aral Sea.If modest increases in flow to the lower delta
could be implemented, allowing flow to the large Aral to average 7-10
krn' zyr., there would be the possibility to separate the deep western part from
the shallow eastern by a dikeof modest proportions, direct the flowof the
Amu Dar'yainto the western part (a channel already exists for this, but would
need considerable enlargement) and, over time, freshen and partially
ecologically restore it by allowing a controlled flow of saline water from it to
the eastern portion. The eastern part would then rapidly shrink into a residual
brine lake. One scenario for this is shown on Figure 3. This alternative has
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been little studied so cost estimates are highly speculative, although it would
likely be more expensive than the project to rehabilitate the small Aral Sea.
Also, the rangeof potential negative environmental consequences is unknown
(e.g., would the shrinking eastern sea leave a much larger "salt desert" that
would significantly aggravate the problemof salt/dust storms? Also, this
option would eliminate the possibilityof raising brine shrimp in the western
portion of the Large Aral, although it might enhance their production in the
eastern portion whose salinity would increase substantially.

I LM. Rubanovand N.M.Bogdanava, "Kolichestvennays otsenkasolevoy deflyatsii na
osushayushchemsyadne Aral'skogomoray ," [A quantitativeestimateof salt deflationfrom the
driedbottom of the Aral Sea]Problemyosvoyeniyapustyn', No.3, 1987, pp. 9-16 . The reason
for the predicteddecrease inexporteddust and salt, in spiteof a largerareaofdried bottom,is
an expectedsignificantdecreasein losses from"old" areasof the bottomwherethe loose
materialsubjectto transportwould becomelargely depleted, carriedby precipitationbelow the
surfaceor formed into a hard ,deflationresistantcrust.

2 Hydrologic dataobtainedby theauthorbetween1984 - 2002 from avarietyofsources,
including the Gidroproyekt[Hydro Planning]Institute in Moscow,Glavgidromet[Main
Administrationof Hydrometeorology]in Tashkent,and the GISResearchCenterin Nukus,
Karakalpakstanand used to derivelong-termtime seriesinflows into the Aral Sea from the
Amu Dar'yaand Syr Dar'ya and waterbalancesfor the Aral Sea.

3 (basedon calculationsfrom data prov ided byGlavgidromet,Tashkent,Uzbekistanand from
Iliya Zholdaova, "Fish populationas anecosystemcomponentand economicobjectin the Aral
Seabasin," M. Glantz(cd.),CreepingEnvironmentalProblemsandSustainable Development
in theAral Sea Basin(Cambridge: CambridgeUniversityPress, 1999), p. 205(Table 10.1)).

4 Withdrawals are ameasureof the totalwatertaken fromsources(rivers andgroundwater)for
irrigation. Consumptiveuse is ameasureof the waterthat iswithdrawnthat is lost to
evaporation(from conveyancecanalsand fields) andtranspiredfrom or incorporatedinto
crops. Thedifferencebetweenthe two istermedreturn flow. Return flowincludesfiltration
from canals,filtration from fields, andsurfacerunofffrom fields. Partof returnflow ultimately
reachesthe river from which taken or adds togroundwaterwhile anotherportionruns off into
deserthollows to form lakes (thewaterfrom these is lost toevaporation).
5 data fromGlavgidromet,Uzbekistan

6 Calculationsarebasedon asimple,iteratedannualwaterbalancemodel for the small Aral
which assumesseasurfaceevaporationat 1000 mm, seasurfaceprecipitationat 198 mm, and
net subsurfaceinflow of groundwaterat 0.2 km3

•
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The ecological crisisof the Aral Sea has been widely discussed during
recent years in both the scientific and popular literature. However, only the
consequencesof anthropogenic desiccation and increased salinitywere
usually discussed with little noteof the role played by introduced species in
this ecosystem (Micklin, 1991; Williams, Aladin, 1991; Keyser, Aladin,
1991). Here, we review the roleof introduced species during periodsof
varying salinity.

The Aral Sea is a giant (66000km2 in 1960) continental closed lake. This
relatively young water body appeared in the early Holocene as a terminal
reservoirof Syrdarya river (Fig.lA) . During the Pleistocene glacial epoch
the Aral basin contained only small hypersaline ponds and marshes. After
the Aral depression filled with water in the early Holocene, flora and fauna
of Aral Lake derived from freshwater inputsof the Syrdarya river and then
later of Amudarya river. The Amudarya had previously flowed into the
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Caspian Sea (Fig. lA) . Inhabitantsof water bodies in the Aral depression
during transgressionsof the ancient Caspian Sea, when Aral was agulf of
Akchagyl or Apsheron seas (Fig. 2), completely died out when regression
followed transgressionsof the Caspian waters. At the beginningof
Holocene, the Aral Sea aquatic fauna wasof mainly freshwater origin with
new invaders from the Caspian Sea and other saline water bodiesof Central
Asia appearing only later.

Most ancient invaders from the Caspian Sea arrived at the Aral Sea via
Uzboy about 5000 B.P., whenrun-off from the ancient Amudarya and
Syrdarya rivers had filled the Great Aral. The Great Aral was a giant lake
joining the depressionsof Aral and Sarykamysh lakes, and its level was
over +58-60 m asl (Fig. lA). At this stage, water from the Great Aral drains
to the Caspian Sea in the southwest from Sarykamysh depression (Fig. lA).
Ancestorsof recent Aral thorn sturgeon, other relativesof Caspian fishes,
and possibly some other Caspian hydrobionts were able to overcome the
current in Uzboy and colonize the Aral Sea.

At the beginningof the 1960'santhropogenic desiccationof the Aral Sea
begun. At that time the lake was inhabited by dozensof fish species and
more free-living invertebrates (Table I). Note that someof these species
were recently introduced by humans into the lake ecosystem.

The fist introductionsof exotic species into the Aral Sea occurred at the end
of the 1920's , whenAlosa caspia(Caspian shad)H Acipenser stellatus
(starred sturgeon) were introduced from the Caspian Sea. This introduction
cannot be considered as successful because these fishes did not naturalize
in Aral Karpevich, 1975). Furthermore parasitesof starred sturgeon roe
(Polypodium hydriforme) and gills (Nitzschia sturionis) passed onto
aboriginal thorn sturgeon and caused strong epizooties. Thorn sturgeon
before introductionof starred sturgeon did not suffer from these parasites
because they were absent from the Aral Sea (Dogel, Byhowsky, 1934;
Dogel, Lutta, 1937). Thus, the first attemptofexotic species introduction to
the Aral Sea can be considered extremely unsuccessful.

After the Second World War attempts to settle exotic species in the Aral
Sea continued. The main basisof these actions was the idea that because
there were fewplankton-eatingfishes and sturgeons in the Aral Sea,
introductionof new consumersof plankton and benthos would increase fish
productivity (Karpevich, 1947, 1948, 1953, 1960, 1975). On the basisof
these considerations , from the Caspian Sea again starred sturgeon
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(Acipenserstellatus) was again introduced in 1948-1963, and in 1958 a
subspeciesof thorn sturgeon(A. nudiventrisderjavini) from Ural river was
introduced. These sturgeon introductions were again unsuccessful. Both
species failed to persist and only in 1958 were some individuals of starred
sturgeon caught (Karpevich, 1975).

In the same years (1954-1956) mullets(Mugil auratus, M salensis)were
introduced from the Caspian. This attempt was also unsuccessful
(Karpevich, 1975) probably because these planktophages new for the
ecosystem could not find sufficient amountofconvenient food to survive.

More successful was the introduction (1954-1959) and acclimatization of
Baltic herring(Clupea harengusmembras). This exotic planktophage from
the Baltic Sea became naturalized in the Aral Sea, and caused significant
changes in the zooplankton community. Beginning in 1957 Baltic herring
appeared in large number in catches. The pressure on zooplankton
increased sharply and the average summer biomassof zooplankton
decreased more than 10 times - from 160 mg/nr' to 10-15 mg/nr'
(Karpevich, 1975; Yablonskaya, Lukonina, 1962; Kortunova, 1975).
Introduced plankton-eating fishes led to the extermination of such large
organisms of zooplankton as Arctodiaptomus salinus and Moina
mongolica. Decreased zooplankton abundance and biomass instantly
affected the numberof herring and their number decreased also
(Kortunova, Lukonina, 1970).

During the aforesaid planned introductions, many fish and invertebrate
species were introduced accidentally. Among them were many non­
commercial fishes. For example, six species of gobies, three of them ­
bubyr tPomatoschistuscaucasicus),monkey goby(Neogobiusfluviatilis
pallasi) and round goby (N. melanostomus officinus)naturalized
successfully. Also, the successful introductionof silverside (Atherina
mochonpontica) and pipefish(Syngnathusnigrolineatus)quickly invaded
the whole Aral Sea. During planned acclimatizationof plankton-eating
fishes in the Aral Sea, two shrimp species(Palaemon elegansand P.
adspersus)were accidentally introduced and(P. elegans) acclimatized
successfully (Karpevich, 1975). This established shrimp became a
concurrent of aboriginal amphipodDikerogammarus aralensis and
gradually forced out it from the benthic associations (Andreeva, 1989;
Aladin, Potts, 1992). So, even before anthropogenic desiccation and
increase salinity the Aral Sea ecosystem had undergone significant changes
due to planned and accidental introductionsofexotic species.
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At the same time(1958-1960),besides introductions into the Aral Sea
proper, a complexof fishes andinvertebrates introductionswere carried out
into deltaic areasof Syrdarya and Amudarya. From river Don, were
introduced four mysid species(Paramysis baeri, P. lacustris, P.
intermedia, P. ullskyi),two of them (P. lacustris, P. intermedia)became
numerous in 1961, one species(P. baeri)did not acclimatize, and the third
(P. ullskyi) has naturalizedbut remained uncommon(Karpevich, 1975).
Also, introduced were three speciesof freshwater fishes from China: grass
carp (Ctenopharyngodon idella), silver carp(Hypophtalmichthys molitrix)
and Aristichtys nobilisalong with incidentalintroductionsinto the deltaic
areasof three other speciesof this complex: black carp(Mylopharyngodon
piceus)and snakehead(Ophiocephalus argus).Except forA. nobilis, all
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these species naturalized successfully and becameof commercial value
(Karpevich, 1975). These naturalized Chinese fishes and mysids, which
invaded estuaries of Amudarya and Syrdarya, migrated many kilometers
from the deltas into the Aral Sea proper. When comparing consequences of
introductions in deltaic areas with those in the Aral Sea proper one may
note that the first were more successful and had fewer negative
consequences than the second. However, even in the caseof the deltas,
there were no significant rises in catchesof commercial fishes or increase
food resources.

50 years ago

Fig. lB . Medieval , in the middleof XX century , modem and possible future hydrographical
systems in Central Asia and Kazakhstan :
A - stageof medieval anthropogenicdesiccation; B - stageof the modem Aral before
anthropogenicdesiccation ; C - stageof the presentanthropogenicdesiccation; D - stageof
the Aral stabilisation in future. areasof irrigation areshadowed
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Table I.
List of free-living invertebratesin the Aral Sea.

No . Soecies
Coelenterata

1. ProtohvdraleuckartiGreef
Turbellaria

1. Mecvnostomumaeile(Beklemischev)
2. MacrostomumhvstricinumBeklemischev
3. M minimum(Luther)
4. Promonotusorientalis Beklemischev
5. Kirgisella forcipata Beklemischev
6. Gievsztoriabend(Beklemischev)
7. BvrsophlebszeniculataBeklemischev
8. Beklemischeviellacontorta(Beklemischev)
9. PhonorhvnchoidesflagellatusBeklemischev
10. Gvratrix hermanhroditus
11. Pontaraliarelicta (Beklemischev)
12. PlacorhvnchusoctaculeatusdimorphisKading

Nematodes
1. Adoncolaimusaralensis Filiniev

Rotatoria
1. EosphoraehrenbergiWeber
2. Trichocerca�(�D�i�u�r�e�l�l�~ heterodactvlaTschuzunoff
3. T �(�D�~ similis (Wierzeiski)
4. T(D.) oorcellus
5. T s.str. elonzata(Gosse)
6. T s. str. pusilla(Lauterborn)
7. T s. str. longiseta(Schrank)
8. T caspicaTschuzunoff
9. SvnchaetastvlataWierzeiski
10. S.vorax Rousselet
11. S. tremula(Miiller)
12. S.nectinataEhrenberg
13. PolvarthraeurvpteraWierzeiski
14. P. luminosaKutikova
15. P. vulgaris Carlin
16. P. lonziremisCarlin
17. Lindia torulosaDuiardin
18. Encentrumlimicola Otto
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19. AsplanchnapriodontaGosse
20. A. eirodi Gucrne
21. BrachionusaneularisGosse
22. B. calvciriorus Pallas
23. B. auadridentatusHermann
24. B. olicatilis Muller
25. B. rubensEhrenberg
26. B. urceus(Linnaeus)
27. Platviasauadricornis(Ehrenberg)
28. P. oalustris(Muller)
29. Keratella cochlearis(Gosse)
30. K. tropica(Aostein)
31. K. auadrata(Muller)
32. K. valga (Ehrenberg)
33. Notholcasauamala(Muller)
34. N acuminata(Ehrenberg)
36. Kellicottia loneisoina(Kellicott)
37. Euchlanisdilatata Ehrenberg
38. E. triauerta Ehrenberz
39. Trichotria oocillum (Muller)
40. T. tetractis(Ehrenberl!)
41. Mvtilina ventralis(Ehrenberg)
42. Lecane(Lecane)luna(Muller)
43. L. (L.) ungulata(Gosse)
44. L. �(�M�o�n�o�s�t�v�l�~�) lamellata(Dada;;)
45 . L. (M) stenroosi(Meissner)
46. L.(M) bulla (Gosse)
47. L.(M) lunaris (Ehrenberg)
48. Colurella obtusa(Gosse)
49. C. adriatica(Ehrenberg)
50. C. uncinata(Muller)
51. C.colurus(Ehrenbefl!)
52 . Hexarthra fennica (Levander)
53. H. oxvuris(Zernov)
54. H. mira ()
55. Testudinellapatina (Hermann)
56. T. bidentata(Ternetz)
57. Filinia longiseta(Ehrenberg)
58. Collothecamutabilis(Hudson)
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Olllzochaeta
I. AeolosomahemprichiEhrenberg
2. Nais elinziusMuller
3. N. communisPizuet
4. ParanaissimolexHrabe
5. AmohichaetasannioKallstenius
6. Chaetoaasterso.
7. LimnodrilushelveticusPizuet
8. Potamothrixbavaricus(Oeschmann)
9. Psammorhvctidesalbicola (Michaelsen)
10. Lumbriculuslineatus(Muller)

Cladocera
I. DiaohanosomabrachvurumLievin
2. Chvdorussphaericus(0. F. Muller)
3. AlonarectangulaG. Sars
4. Bosminaloneirostris(0. F. Muller)
5. Daphnialongispina(0. F. Muller)
6. Ceriodaphniareticulata (Jurine)
7. C. cornutaG. Sars
8. C. pulchellaG. Sars
9. Moina mongolicaDadav
10. M micrura Kurz
II. Podonevadnecamptonvx-(G. Sars)
12. P. aneusta(G. Sars)
13. EvadneanonvxG. Sars
14. CercopagispengoiaralensisM.-Boltovskoi

Cooeooda
I. Phvllodiaotomusbland(Guerneet Richard)
2. Arctodiaptomussalinus (Dadav)
3. HalicvcloosrotunditiesaralensisBorutzkv
4. CvcloosvicinusUlianin
5. Acanthocvclopsviridis Kiefer
6. Mesocvclopsleuckarti (ClauS)
7. Thermocvclooscrassus (Fischer)

Haroacticoida
I. Halectinsomaabrau (Kritchagin)
2. SchizoperaaralensisBorutZkv
3. S. iueurtha(Blanchardet Rich.)
4. S. reductaBorutzkv
5. Nitocra lacustris(Schmankewitsch)
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6. lV. hibernica(13rady)
7. MesochraaestuariiGurney
8. Onychocamptusmohammed(Blanchardet Rich.)
9. Cletocamptusretrogressus Schmankewitsch
10. C. confluens(Schmeil.)
II. LimnocletodesbehnineiBorutzkv
12. NannopuspalustrisBrady
13. EnchvdrosomabirsteinBorutzky
14. Leptocarisbrevicornis(Van Douwe)
15. ParaleptastacusspinicaudaNoodt

Ostracoda
I. Darwinula stevensoni(Brady et Robertson)
2. CandonamarchicaHartwig
3. Cvclicvpris laevis(0. F. Muller)
4. Plesiocyprisnewtoni(Brady et Robertson)
5. Cyprideistorosa(Jones)
6. Amnicvtherecvmbula(Livental)
7. Tyrrenicythereamnicoladonetziensis(Dubowsky)
8. Limnocvthere(Limnocythere)dubiosaDadav
9. L. (L.) inopinata(Baird)
10. L. tGalolimnocvtherevaralensisSchornikov
II. L. (Loxocaspia)immodulataStepanitys

Malacostraca
I. Dikerogammarusaralensis(Uljanin)

Hvdracarina
I. Evlais rimosaPiersig
2. Hydriphantess. str. crassipalpisKonike
3. H. tPolyhydripharuesr.flexuosusKoenike
4. Hydrodromadespiciens(0. Muller)
5. Limnesiaundulata(0. F. Muller)
6. Arrenuruss. str. tricuspidator(0. F. Muller)
7. Copidognathuss. str. oxianusViets

Bivalvia
1. Dreissenapolvmorpha(Pall.)
2. D. p. aralensis(Andr.)
3. D. p. obtusicarinata(Andr.)
4. D. caspia (Eichwa1d)
5. D. c. pallasi (Andr.)
6. Cerastodermarhomboides rhomboides(Lam.)
7. C. isthmicumIsseI
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8. Hypanisvitrea (Eichw.)
9. H. v. bergi Starobogatov
10. H. minima(Ostr.)
II. H. m.sidoroviStarobogatov
12. H. m.minima(Ostr.)

Gastropoda
1. Theodoxuspallasi Ldh.
2. Caspiohvdrobiaconica(Logv, et Star.)
3. C. husainovaeStarobogatov

As seen above, by 1961 the Aral Sea, its deltaic areas andestuarieshad
beentransformeddue toplannedand accidentalintroductions. On the eve
of oncomingecological catastropheconnectedwith diversionsof riverine
waters for extensive irrigation development, the Aral Sea had been subject
to many exotic speciesintroductions. While biodiversity had increased
byfourteenspeciesof fishes and four speciesof invertebrates,only a fewof
these species hadcommercialvalue or could serve as a food for fishes.
Many speciesof fishes were introducedaccidentallyand onlyincreasedthe
pressureon the nutritional chain without giving benefits to the fisheries.
Promised increaseof commercialcatches and raisednutritional value of
invertebrateassociationsdid not occur. At the same time, due to predation
by introduced fishes orcompetition with introduced invertebrates,two
aboriginal speciesof zooplankton(Moina mongolica H Arctodiaptomus
salinus) and one speciesof zoobenthos(Dikerogammarus aralensis)
disappearedcompletely. Thus the whole seriesof planned introductions
into the Aral Sea and deltas between 1927 and 1961 must beconsidered
unjustified and in some cases even harmful. Thescientific-journalistic
expedition"Aral-88" in 1988conductedafter "perestroika"also noted the
negativeconsequencesof plannedand accidentalintroductionsat the Aral
Sea during theaforesaidperiod (Seliunin, 1989).

Since 1961 anthropogenicregression of the Aral Sea has continued
unabatedexcept for a single year in 1968, when water input was enormous
(Fig. 3). Only in that year total amountof river run-off and precipitation
exceededevaporationfrom the surface (The Aral Sea, 1990). This rapid
anthropogenicdesiccation andsalinizationof the Aral Seapromptedefforts
to introduce euryhaline species able to endureconstantly increasing
salinity .
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3

Fig. 2. Palaeohydrographyof southeastern Europe and southwestern Central Asia in late
Miocene-Pleistocene.:
1 - Akchagyl and Kuyalnik lake-seas (3 min. years B.P.); 2 - Apsheronian and Gurian
lake-seas; 3 - Anciant Euxinian and Hazarian lake-seas (0.4 min. years B.P.)
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At the beginningof 1960'sa polychaete,Nereis diversicolor,and a bivalve,
Abra ovata, were introduced from the Seaof Azov. The first species
became numerous since 1963 and the second since 1967. In the middleof
1960's there was an unsuccessful attempt to introduce bivalve mollusk
Monodacna cotorata(Karpevich, 1975). In the middle and endof 1960's
and in the beginning1970'sthere were attempts to introduce planktonic
invertebrates. Candidate for introduction included two euryhaline copepods
- Ca/anipeda aquaedu/cisand Heterocope caspia.The first species
naturalized successfully and since 1970 is a dominantzooplankterof the
Aral Sea (Kazakhbaev, 1974; Andreev, 1978) and substituted for the
former dominantArctodiaptomussalinus, exterminated by Baltic herring.
The second exotic species did not naturalize. During these introductions
ofplanktonic copepods, larvae (zoea)of crab Rhithropanopeusharrisii
tridentata were accidentally introduced into the Aral. Since 1976, this
benthic crustacean is widespread in the southern water areaof Aral Sea
(Andreev, Andreeva, 1988), but due to certain causes (they will be
considered below) is absent in the northern water area - in the so-called
Small Aral.
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Fig. 3. Water balanceof the Aral Sea in 1961-1985.

Acclimatizationof euryhaline planktonic and benthic invertebrates could be
regarded as an exampleof well thought-out and successful introduction.
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These euryhaline species succeeded to save the feeding valueof
zooplankton and benthos under conditionsof the Aral Sea anthropogenic
salinization. A positive role of euryhaline acclimatizants is especially clear
since the beginning and middle of 1970's when salinityof the Aral water
exceeded 12-14 gil and fresh and brackish water organismsof plankton and
benthos began to die out. However, rising salinity negatively affected the
ichthyofauna. The early stages of ontogenesis in freshwater fishes
originally dominating in the Aral Sea were particularly vulnerable. Survival
of larvae and friesof these fishes sharply began to decrease even at salinity
increases of 1-2 gil from 8-10 gil. Nearly all freshwater fishes and
invertebrates existed in the Aral Sea at the upper limit of their salinity
tolerance range, and this explains why they have disappeared so quickly
(Karpevich, 1975; Aladin, Kotov, 1989; Plotnikov et al., 1991). During
only one decade, since the anthropogenic desiccation began, more than 50­
70% of fishes and free-living invertebrates became extinct in the Aral Sea.
Under these extreme conditions, whenacclimatization of euryhaline
invertebrates was successful, the idea of introducing euryhaline commercial
fishes was suggested. At the end of1970'splaice(Platichthysjlesus)from
the Sea of Azov were introduced. Since 1981 this exotic for the Aral Sea
commercial fish is ubiquitous in catches (Lim, Markova, 1981).Of the 20
aboriginal fish species in the Aral Sea, only the euryhaline stickleback
(Pungitius platygaster aralensis)remains. All other aboriginal fishes
disappeared due to salinization and only someof them remain in deltas and
deltaic water bodies of Amudarya and Syrdarya. Successful acclimatization
of plaice allowed fisheries to continue on the Aral Sea. At the beginningof
the1980's, besides stickleback and plaice, the accidentally introduced
atherine and 2-3 species of gobies were also present. While the Baltic
herring was also present, it was present in small numbers and did not
formed large schools.

At the end of 1970's and in the beginning 1980's the last attempt to
introduce sturgeons in the Aral Sea was undertaken. In this case Russian
sturgeon(Acipenser guldenstadti)was introduced (Lim, Markova, 1981).
But this attempt could not be successful because the salinityof the Aral Sea
reached 18-20 gil, which is very high for this species. Besides, natural
anadromous migration for spawning was prevented because the deltasof
Amudarya and Syrdarya had become very shallow.

In the middle of 1980's attempts to introduce euryhaline invertebrates into
Aral Sea continued. One tried to introduce two species of bivalves(Mytilus
galloprovincialis and Mya arenaria) from the Sea of Azov. Both
introductions were unsuccessful. In the first case, it was becauseof the
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absenceof solid bottom substrates essential for mussel attachment. The
second species was released in shallows, which dried up within months due
to continuous lake level lowering.If this quick desiccationof shallows had
been taken into consideration, successful introductionof Mya arenariamay
have been possible. In the same years was introduced planktonic copepod
Acartia clausi, but it did not naturalized in the Ami Sea. Possibly due to
insufficient numberof released individuals but perhaps also because the
ecological niche was already occupied by acclimatizedCalanipeda
aquaedulcis.

At the endof 1980's the historyof planned and accidental introductions in
the Aral Sea was ended (Table 2). Since then, only natural colonizations,
unconnected with human activity, have occurred.

In 1989 continued desiccationof the Aral Sea led to its division into two
lakes (Fig. 4), which have evolved in different ways. The Small Aral Sea,
located in the North, receivesrun-off of the Syrdarya River and began to
overfill due to positive water balance. The surface areaof this lake is small,
and evaporation from its surface is less than inflows from the Syrdarya,
atmospheric precipitation and ground waters. As for the Large Aral Sea in
the south, its water balance is negative, and evaporation from its huge
surface is still higher than the small inputsof the Amudarya River,
atmospheric precipitation and ground waters (Aladin, Plotnikov, Potts,
1995). These difference in the hydrological regimesof the two new lakes
has led to stabilizationof the Small Aral Sea level and continued
desiccation and salilnizationof the Large Aral Sea.

The salinityof the Aral Sea was about 28-30 gil. at the moment it divided
into two lakes at about +40 m asl (Aladin, Plotnikov, Potts, 1995; Aladin,
1995) and their fauna and flora were similar. But biological differences
between this two water bodies appeared very quickly due to different
hydrological regimes. In 1961 before anthropogenic desiccation and
salinization the Aral Sea was a brackish lake with average salinity 8-10 gil,
and its level was about +53 m asl (Zenkevich, 1963). Its ecosystem was
characterized by low biodiversity and biological productivity. With
salinization and level fall biodiversity and productivity decreased and the
ecosystem was transformed from brackish water into mesohaline where
surviving aboriginal and introduced euryhaline and marine speciesof fishes
and invertebrates predominated (Plotnikov et al., 1991). At the time
dividing into two lakes, only 7 speciesof fish, 10 common zooplankton
species, and II common benthos species were present.



139

Table 2. Exotic species in the Aral Sea

N Taxonomic Spec ies Source Year(s) of Year of
Group introduction first

finding

Pisces Alosa caspia (Eichw.) Casp ian Sea 1929-1932

2 Acipenser stellatus Pallas Casp ian Sea 1927-1934 1958
/1948-1963

3 Acipenser nudiventris derja vini Ural River Delta 1958
Borz.

4 Acipenser guldenstadti Brandt ? 1978-1980 1981

5 Clupea harengus membras (L.) Balthic Sea 1954-1959 1957

6 Mugil auratus (Risso) Caspia n Sea 1954-1956

7 Mugil saliens (Risso) Caspian Sea 1954-1956

8 Ctenopharyngodon idella (VaL) China 1960-1961 1963

9 Hypophtalmichthys molifrix China 1960-1961 1963
(VaL)

10 Aristichtys nobilis (Rich.) China 1960-1961 ?

11 Platich thys flesus Pallas Azov Sea 1979-1987 1981

12 Mylopharyngodon piceus China 1960-1961 1963
(Rich.)

13 Syngnathus abas ter caspius Casp ian Sea 1954-1956 ?
Eichw.

14 A/herina boyari caspia (Eichw.) Caspian Sea 1954-1956 1959

15 Poma/oschistus caucasicus Casp ian Sea 1954-1956 1958
Berg

16 Neogobius fluv iatilis (Pallas) Casp ian Sea 1954-1956 1958

17 Neogob ius melenostomus Casp ian Sea 1954-1956 1959
(Pallas )

18 Neogob ius syrman (Nordm.) Casp ian Sea 1954-1956 1959

19 Proterotcn inus marmora/us Casp ian Sea 1954-1966 1959
(Pallas)

20 Neogobius kess/eri (Gunter) Caspian Sea 1954-1956 1959
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N Taxonomic Species Source Year(s) of Year of
Group introduction first

finding

21 Ophicepha /us(Channa) argus Karakum canal 1960s 1965
Cantor

22 Monogenea Nitzsch ia sturionis (Abil.) Caspian Sea 1927-1934 ?

23 Coelenterata Po/ipodium hydriforrne Ussov Caspian Sea 1927-1934 ?

24 Mysidacea Paramysis baeri (Czern.) River Don 1958-1960

25 Paramysis /acustris (Czern.) River Don 1958-1960 1961

26 Paramysis interrnedia (Czern.) River Don 1958-1960 1961

27 Paramysis ullskyi (Czem .) River Don 1958-1960 1963

28 Limnomysis benedeni (Czern.) ? ? 1975

29 Decapoda Pa/aemon e/egans Rathke Caspian Sea 1954-1966 1957

30 Pa/aemon adspersus Rathke Caspian Sea 1954-1966

31 Rhithropanopeus harrisii Azov Sea 1965, 1966, 1976
tridentata (Maitland)

32 Copepoda Ca/anipeda aquaedu/cis Azov Sea 1965, 1970
Kritsch. 1966/1970

33 Heterocope casp ia Sars ? 1971

34 Acartia c/ausi Giesb. ? 1985, 1986

35 Polychaeta Nereis divers icolor Muller Azov Sea 1960-1961 1963

36 Bivalvia Abra ovata Phil. Azov Sea 1960, 1967
1961,1963

37 Monodacna cotorete (Eichw.) ? 1964,1965

38 Mytilus gallopro vincialis Lam. Azov Sea 1984-1986

39 Mya arena ria Linne Azov Sea 1984-1986
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N Taxonomic Species Status after Status in 1990s
Group acclimatization

Pisces Alosa caspia (Eichw.)

2 Acipense r stellatus Pallas

3 Acipenser nudiventris derjavini
Borz .

4 Acipenser guldenstadti Brand t Rare

5 Clupea harengus memb ras (L.) Rare ?

6 Mugil auratus (Risso)

7 Mugil saliens (Risso )

8 Ctenopharyngodon idella (VaL) Commercial
fish

9 Hypophtalmichthys molifrix (VaL) Commercial
fish

10 Aristichtys nobilis (Rich .) Rare

11 Platichthys flesus Pallas Commercial Commercial
fish fish

12 Mylopharyngodon piceus (Rich.) Commercial
fish

13 Syngnathus abaster caspius Rare
Eichw .

14 Atherina boyeri caspia (Eichw.) Nume rous Lim ited number

15 Pomatos chistus caucasicus Berg Numerous ?

16 Neogobius f1uviat ilis (Pallas) Numerous ?

17 Neogob ius melanostomus Numerous
(Pallas)

18 Neogob ius syrman (Nordm.) Limited number

19 Proterorchinus marmoratus Limited number ?
(Pallas)

20 Neogobius kessleri (Gunter) Limited number
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N Taxonomic Species Status after Status in 1990s
Group acclimatization

21 Ophicephalus(Channa) argus Commercial fish Comme rcial fish
Cantor in river delta

22 Monogene Nitzschia sturionis (Abil.) Common
a

23 Coelentera Polipodium hydriforme Ussov Common
ta

24 Mysidacea Paramys is baeri (Czem. ) ?

25 Paramys is lacustris (Czem.) Numerous In river deltas

26 Paramysis intermedia (Czern .) Numerous

27 Paramysis ullskyi (Czern .) Limited number

28 Limnomysis beneden i (Czern .) Limited number

29 Decapoda Palaemon elegans Rathke Numerous Numerous

30 Palaemon adspersus Rathke ?

31 Rhithropanopeus harrisii Numerous Numerous
tridentata (Maitland)

32 Copepoda Calanipeda aquaedulcis Numerous Numerous
Kritsch.

33 Heterocope caspia Sars

34 Acartia clausi Giesb.

35 Polychaeta Nereis diversicolor Muller Numerous Numerous

36 Bivalvia Abra ovata Phil. Numerous Numerous

37 Monodacna colorata (Eichw.)

38 Mytilus galloprovincialis Lam.

39 Mya arenaria Linne
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N Taxonomic Species Ecologycal Way of Effect
Group status introduction

Pisces A/osa caspia (Eichw.) N del 0

2 Acipenser stellatus Pallas N del 0

3 Acipenser nudiventris derjavini N del
Borz.

4 Acipenser gu/denstadti Brandt N del 0

5 Clupea harengus membras (L.) N del +

6 Mugil auratus (Risso) N del 0

7 Mugil saliens (Risso) N del 0

8 Ctenopharyngodon idella (VaL) N del +

9 Hypophta/michthys molifrix (VaL) N del +

10 Arist ichtys nobilis (Rich.) N del +

11 Platichthys ilesus Pallas N del +

12 Mylopharyngodon piceus (Rich.) N assoc 0

13 Syngnathus abaster caspius N assoc
Eichw.

14 Atherina boyeri caspia (Eichw.) N assoc

15 Pomatosch istus caucasicus Berg N assoc

16 Neogobius nuviatilis (Pallas) N assoc

17 Neogob ius me/anostomus N assoc
(Pallas)

18 Neogob ius syrman (Nordm .) N assoc

19 Proterorchinus marmoratus N assoc
(Pallas)

20 Neogobius kessleri (Gunter) N assoc
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N Taxonomic Species Ecologycal Way of Effect
Group status introduction

21 Ophicephalus(Channa) argus N assoc +
Cantor

22 Monogenea Nitzschia sturionis (Abil.) Par assoc

23 Coelenterata Polipodium hydrifo rme Ussov Par assoc

24 Mysidacea Paramys is baeri (Czem.) NIB del 0

25 Paramys is lacustris (Czern.) NIB del +

26 Paramysis intermedia (Czern.) NIB del +

27 Paramys is ullskyi (Czern.) NIB inc +

28 Limnomysis benedeni (Czern.) NIB inc +

29 Decapoda Palaemon elegans Rathke NIB assoc ?

30 Palaemon adspersus Rathke NIB assoc ?

31 Rhithropanopeus harrisii B assoc +
tridentata (Maitland)

32 Copepoda Calanipeda aquaedulcis Kritsch. P del +

33 Heterocope caspia Sars P del 0

34 Acartia clausi Giesb. P del 0

35 Polychaeta Nereis diversicolor Muller B del +

36 Bivalvia Abra ovata Phil. B del +

37 Monodacna colorata (Eichw.) B del 0

38 Mytilus galloprovincialis Lam. B del 0

39 Mya arenaria Linne B del 0

Way of introduction: del - deliberate ly, inc - incidentally, assoc - in association wi th
deliberate acclima tizants Ecologycal status: N - necton, B - benthos, NIB - ncctobenthos,
P - plankton Effect: - negative; + positive; 0 none; ? unknown
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The recenthistory of the Aral Sea can be viewed asincluding three critical
periods(Plotnikovet al., 1991) followed by thecurrentperiodin which two
distinct lakes areevolving differently. As seen above, the first crisis in
1957-1960 wasassociatedwith plannedand accidentalintroductionsinto
the Aral Sea ecosystem. Thesecondcrisis period took place in 1971-1976
when salinity of Aral increasedto above 12-14 gil andbrackish water
speciesof fresh water origindisappeared. The third crisis wasinitiated in
1986 when salinity exceeded23-25 gil and lasted until the Aral Sea
division in 1989.During this time brackishwaterspeciesof Caspianorigin
becameextinct (Plotnikov et aI., 1991). Thecurrent period began with
partitionof the Aral Sea inwhich both partsinheriteda commonfauna. The
zooplanktoncommunityconsistedeleven species(Rotifera- 5, Cladocera­
1, Copepoda- 5). Rotifers included 5 euryhaline widespreadspecies :
Synchaeta vorax, S. cecilia, Notholca acuminata, N squamula and
Brachionus plicatilis. The single Cladoceran representativewas the
euryhaline species of caspian Onychopoda- Podonevadnecamptonyx
surviving at the limit of its salinity tolerance. The Copepodawere
dominated by two euryhaline species: Calanipeda aquaedulcis and
Halicyclops rotundipes aralensis, but also included three species from
Harpacticoida. Besides these species,zooplanktonalso included larvae of
benthic invertebrates andprotozoans,mainly Tintinida. Thus, atpartition
the Aral Sea zooplankton included one recent invader (Calanipeda
aquaedulcisy, one ancient invader (Podonevadnecamptonyx) and nine
euryhalinespecies, someof which were widespreadin the region while
others could beconsideredas aboriginal. As one can see theportion of
recentinvadersin zooplanktonwas 9%.
Eight species(Bivalva - 2, Gastropoda- 2, Polychaeta- 1, Ostracoda- 1,
Decapoda- 2) remainedin the zoobenthos. Bivalveswere representedby 2
species: therecently introduced Abra ovata and the ancient invader,
Cerastodermaisthmicum. Gastropodswere representedby two widely
euryhalinespeciesof genusCaspiohydrobia.Polychaeteswere represented
by the introducedeuryhalineNereisdiversicolor. Ostracodsincludedonly
one euryhalinespeciesCyprideis torosa .Decapodawere representedby
two accidental invaders - shrimp Palaemon elegans and crab
Rhithropanopeusharrisii tridentata. Besidesthese species, thezoobenthos
includedsomeProtozoanspecies. Thus atpartitionthe Aral Seazoobenthos
includedfour recent invaders(Abra ovata , Nereisdiversicolor, Palaemon
elegans H Rhithropanopeusharrisii tridentata), one ancient invader
(Cerastodermaisthmicum)and threeeuryhalinespecies(Cyprideis torosa
and twospeciesof Caspiohydrobiai . Partof the last group iswidespreadin
the region and could beconsideredas aboriginal. Thus, 50% of the
zoobenthicspecies were recent invaders.
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Fig. 4. The Aral Sea in 2000.

An exception to sharingof a common fauna between the two lakes is that
since 1976, crabs became abundant in the Large Aral Sea following their
accidental introduction. Because currents spread their larvae, settlingof this
crab was slow and followed the current patterns. As the Small Aral
generally did not receive water from the Large Aral, thecrab'slarvae did
not colonize the northern water areaof the Aral Sea prior to partition in
1989.

Note also that some authors (Starobogatov, Andreeva, 1981) describe more
than twenty speciesof gastropods from the genusCaspiohydrobia,instead
of the two listed here. This difference arises from their taxanomic splitting
which we consider insufficiently proved and unwarranted. Future
application of new molecular methods could partly solve this issue, and
thus provide a more exact enumerationof Caspiohydrobiaspecies existing
in the Aral Sea.
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Sevenichthyofaunaspecieswere presentat the division. From aboriginal
species only stickleback (Pungitius platygaster aralensis) remained.
Among intentionally introducedfishes only two speciessurvived: Baltic
herring (Clupea harengus membras)and plaice (Platichthysjlesus). In
accidentally introducedfishes only silverside (Atherina mochon pontica)
and threespeciesof gobies- bubyr (Pomatoschistus caucasicus),monkey
goby (Neogobiusfluviatil is pallasi) and round goby (N. melanostomus
officinus) remained. Thus, theportion of recent invadersin ichthyofauna
was 86% .

After division in 1989 theSmallAral Seastabilizedat +40 m asl andbegan
to rise due to positive water balance (Aladin, 1995; Aladin, Potts,
Plotnikov, 1995). As a result watersof the Small Sea began to flow
southwardinto the Large Aral. This outflow did not occur over all the
surfaceof the dried bottom of former Berg's strait but only in its central
part, which was earlier dredged.This dredginghad begunin 1980'swhen
water level in Berg's strait has fallen so much as to causetroubles for
shipping.At that time anavigationcanalwas cutbetweenthe northernand
southern basins. In spring 1989, this canal was visible and a slow
southwardcurrentwas presentin autumn. This flow was due todeclining
lake levels in the Large Aral. The flow sharply increasedwith continuing
desiccationof the Large Aral and reached100 m3/secas theLarge Aral
level fell to +37.1 m, adifferencebetweenthe two lakesreaching3 m. This
strongstreamerodedthe bottomand threatenedto almostcompletelydrain
the Small Aral Sea(Aladin et al., 1995). Topreventthis, thecanalbetween
the Large and Small Aral was dammedin July-August1992 and the flow
stopped. In the next yearsthis dam inBerg'sstraitwaspartly destroyedby
floods andrestoredseveraltimes. The dam existenceallowed to raise the
Small Aral Sea level up to +42.8 m atApril 1999 and todecreasesalinity
from 29.2 gil (at division) to 18.2gil. Unfortunately,in late April 1999 the
dam wascompletelydestroyedby wavesdue to the riseof SmallAralleveI.
After 7 yearsthe level returnedto the mark+40 m. Damrestorationhas not
beenundertakenand waters of Small Aral are again flowing out to the
south. They do not reach the Large Aral and are lost insandsand salt
marshesnorthof pastBarsakelmesIsland. Now the LargeAral hasdriedso
much that its modem shorelinehere is far (many km) from the modem
Small Aral Sea(Fig. 4).
After the dam wasbuilt in 1992 rising lake levels anddeclining salinity
partially restored the Small AraI. Biodiversity increased, desiccated
BolshoySary-Cheganakgulf was filled with wateragain, andrehabilitation
processesbeganin Syrdaryadelta. Reeds(Phragmites australis)beganto
grow again, forming an environment for hydrobionts and amphibiotic
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animals (Aladin, 1995; Aladin, Plotnikov, Potts, 1995).Increasingdepthof
Syrdarya delta resulted from the Small Aral level raise and allowed for
aboriginal and introduced freshwater fishes to forage in the estuary as
before. The peakof such foraging was at the endof 1990'swhen the Small
Aral level reached more than+ 42 m. The foragingof fresh water fishes
also was favored by the average salinity decrease to about 18 gil. Before
the dam in Berg's strait was built the Syrdarya estuary was poorly
developed, and the zoneof fresh and saline water mixingpracticallyabsent
because mostof the fresh water moved directly to the canalbetweenSmall
and Large Seas. Afterconstructionof the dam, fresh water was retained in
the Small Aral and its average salinity decreased down to 11gil.

In spite of the significant decrease in salinity which allowed fishes from
Syrdarya to forage in the Small Aral, the numberof fish species resident in
the Small Aral remained at seven, the same ones present at the prior
partitioning of the Aral Sea.Of these only plaice isof commercialvalue.
Some fishes from Syrdarya,pike-perch (Lucioperca lucioperca) for
example, that can now forage in a large partof the Small Aral cannot be
consideredas the salinityof the Small Aral is still high forreproductionof
these fishes.

Level raise and salinity decrease were favorable not only forichthyofauna
of Small Aral, but for itszooplanktonand zoobenthos as well. Thus, two
speciesof Cladocera:Moina mongolicaand Evadne anonyxreappeared,
and thenumberof Podonevadnecamptonyxincreased.Appearanceof E.
anonyxcould be explained bypeculiaritiesif its life cycle. Cladocerafrom
family Podonidae, to whichE. anonyxbelongs, have latent(dormant)eggs,
sinking in water and capableof surviving underunfavorableconditionsfor
some years in a stageof diapausingembryos. Before the Aral Sea division
E. anonyx was observed for the last time in the northern water area in
summer1988 when salinity exceeded 25 gil. Later this species was not
found in zooplanktonduring some years. But, when in 1993 salinityof
Small Aral decreased below 25gil, E. anonyx probably hatched from
dormant eggs surviving on the sea bottom.

The re-appearanceof Moina mongolicain the Small Aral also appears to be
from dormant eggs.Dormanteggsof thesecrustaceansdo not sink as in
thecaseofE. anonyx,but can survive on the shoreline. Dormant eggsof M
mongolicaare capableof enduring extended periodsof drying and freezing
of up to tensof years(Makrushin, 1985). Dormant eggsof M mongolica
would be brought into the Small Aral by wind from nearby saline ponds
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during dust-salt storms.M mongolica probably did not become a
permanent member of the zooplankton community of the recently isolated
Small Aral as it was before extermination by Baltic herring in the
beginningof 1960's . Prior to the 1960sM mongolicawas found in summer
plankton of the Aral Sea (from spring till autumn), and latent eggs were
always present in recently exposed sediments areas. This planktonic
crustacean was widespread in all Aral Sea from estuaries to saline gulfs
because it is widely euryhaline and endures salinity from fresh water up to
97 gil. Presently,M mongolicain the Small Aral Sea is only sporadically
observed, and its dormant eggs are not found on the shore. Obviously,
spring dust/salt storms are bringing latent eggs, from which crustaceans
later hatch. After parthenogenetic reproduction, herring and silverside
exterminate them, without leaving dormant eggs.In subsequent springs,
this situation is repeated, as in nearby fishless salt lakes and ponds,M
mongolicais common and produces large quantities of dormant eggs. Thus,
zooplankton biodiversity in the Small Aral has increased by only one
species to the present twelve which consists of the one recent invader
(Calanipeda aquaedulcis),two ancient invaders(Podonevadne camptonyx,
Evadne anonyx),and nine euryhaline species, partof which are widespread
in Aral region and others could be considered aboriginal. Therefore, the
portionof recent invaders in zooplankton has decreased to 8%.

New species also appeared in the Small Aral zoobenthos. Two speciesof
Ostracoda - Eucypris injlata H Heterocypris salina were added to
remaining Cyprideis torosa.They were never recorded in the Aral Sea
before and were first noted in 1995 in Bolshoy Sary-Chaganak bay after
refilling due to constructionof the dam. Invasion of these speciesof
Ostracoda, as in the caseof M mongolica,was evidently the resultof their
spreading by dust-salt storms. Both these euryhaline species have latent
stages, enduring freezing and desiccation and are easily transported by
wind. The frequency of dust-salt storms in the Aral region has increased
following anthropogenic desiccation. Meteorological data from the Small
Aral region indicate the annual frequency of dust storms has increased from
about 60 in themid-1960'sto almost double that in themid-1980's(The
Aral Sea, 1990). Given their frequency and strength, we conclude that
aeolian transfer is becoming a significant factor in maintaining and
introducing new species into water bodiesofAral Sea region.

At the endof 1990's, when the average salinityof Small Aral decreased to
18 gil, larvae of Chironomidae appeared in the benthos again. Before
anthropogenic desiccation and increased salinity some species of
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Chironomidae were main componentsof the zoobenthos . Now, following
more than 30 years absence, larvaeof Chironomus halophilushave re­
appeared (Aladin et al., 2002). In the near future, larvaeof other
Chironomidae may appear in the Small Aral, as the deltaic water bodiesof
Syrdarya and others saline water bodiesof the Aral Sea region contain
many speciesof Chironomidae , imagoesof which are able to actively
(flight) or passively (aeolian transfer) reach the Small Aral area and lay
eggs. Return of Chironomidae larvae into Small Aral (natural
reintroduction) is a signof increased benthic productivity. The> I0 gil
salinity decrease that occurred during the periodof dam in theBerg'sstrait,
positively affected other componentsof the zoobenthos as well. Other
species not only survived, but also increased in abundance and biomass
despite active predation by plaice, providing further evidenceof increased
benthic productivity.

Thus, the zoobenthic communityof the modern Small Aral rose to 10
species; three recent invaders(Abra ovata, Nereis diversicolorand
Palaemon elegans), one ancient invader(Cerastoderma isthmicum),three
euryhaline species, two new speciesof Ostracoda(Eucypris inflataand
Heterocypris salina),and Chironomus halophilus.Thus, the portionof
recent invaders in the zoobenthos has increased slightly to 60%.

The dam collapse in late April 1999 reestablished outflows from the Small
Aral Sea and the BolshoySarycheganakbay practically dried up and the
straits connecting Shevchenko and Butakov bays with Small Aral became
shallow. Nevertheless, there is no threatof the Syrdarya changing course to
flow into the Large Aral, as in the early 1990's , because in the late 1990s
the Syrdarya had its flow artificially channeled and it enters the Small Aral
north of its former natural mouth. Meanwhile, quick restorationof the dam
in Berg's strait is required to maintain and enhancebiodiversity and
productivity of the Small Aral.

After division in 1989, the Large Aral Sea level continued to decline due to
a negative water balance and salinity rapidly increased. After the dam in
Berg 's strait was built in 1992, the Large Aral level declined slightly faster,
because inflows from Small Aral ceased. Nevertheless, the increased rateof
desiccation due to dam construction was small as indicated by comparative
measuresof Large and Small Aral levels by satellites. The increasing
salinity is negatively impacting the biota and biodiversity is decreasing.
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The recent salinity increase in the Large Aral has caused extinction of
almost all marine and euryhaline fish and invertebrate species except a few
remaining halophiles.Of seven fish species present at partitionof the Aral
Sea none were present in autumn 2002 when salinity exceeded 70gil.
Along the shoreline there were a lotof dead decaying bodiesof plaices and
silversides. But there is a possibility that inChemyshovand Tsche-Bas
bays and near Aktumsyk cape, where there is increased outcome of
freshened subterranean waters, adult plaices still may survive during some
years. Unfortunately, the outputof ground waters is so little that it has
influence on the salinity only near the bottom; so, plaices will die sooner or
later. However,it is possible to say with certainty there is no natural
reproductionof fishes in the Large Aral.

Of eleven invertebrate zooplankton species only the widely euryhaline
rotifer, Brachionusplicatilis has survived. However, three new halophylic
species appeared apparently due to aeolian transfer; the cladoceranMoina
mongolica, the brine shrimpArtemiasalina andof the infusoriumFabrea
salina.Thus only four species remain in the Large Aral Sea zooplankton. In
contrast to the Small Aral,Moina mongolica has became a permanent
componentof summer plankton in the Large Aral, but has not settled over
the whole water area.Artemiasalina has invaded the Large Aral Sea and in
some areas reaches high abundance. There is no doubt that the Large Aral
may become an important center of harvesting brine shrimp cysts for use in
aquaculture and thus provide economic value.

The zooplanktonof the modem Large Aral Sea includes four euryhaline
species, widespread in the region.Brachionusplicatilis and reintroduced
Moina mongolica cannot be considered invaders, as they were present
before anthropogenic desiccation. However,Artemia salina and Fabrea
salinaare invaders and constitute 50% of the zooplankton species.

Of eight zoobenthic species only two speciesof widely euryhaline
gastropods from the genusCaspiohydrobiaand one euryhaline species of
ostracodsCyprideis torosaremain. All other bottom inhabitants, present at
partition of the Aral Sea, such as Gastropoda, Polychaeta and Decapoda,
have disappeared due to increased salinity or are near extinction. As in the
case of zooplankton, the Large Aral Sea zoobenthos was enriched by
aeolian transfer of new halophylic invaders. Euryhaline ostracodEucypris
inflata and halophylic protozoans appeared in zoobenthos and along with
larvaeof halophylic Chironomidae. Thus, due to new invaders the number
of dominating species has reached six.
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Higher zoobenthic biodiversity in Tsche-Bas and Chernyshov bays
deserves special note. Here and probably near Aktumsyk cape biodiversity
is higher than in the restof the Large Aral Sea. As mentioned above, near
the bottomof these bays and at Aktumsyk cape, inflowing underground
freshwaters from under cliffsof Ustjurt plateau occur and reduced salinity
provides more favorable benthic conditions than in other areasof Large
Aral, Field samples collected from these bays inAugust-September2002
contained not only speciesof Caspiohydrobia, Chironomidae and
euryhaline ostracodCyprideis torosa ,but also some recent(Abra ovata)
and ancient(Cerastodermaisthmicum) invaders. Also in Tsche-Bas bay,
where salinity was somewhat lower than inChernyshov bay, adult
CerastodermaisthmicumandAbra ovatawere present. Also, the presence
of A. ovata juveniles suggests continuing reproductionof this species.
However,Nereisdiversicolor was not found on any stations in Tsche-Bas
bay. As for more saline Chernyshov bay, no bivalves were present, but
Nereisdiversicolorwas found.

We also have to note that not only high salinity is killing bottom animals
and fishes. In many places near the bottom oxygen concentration is very
low. In some other places H2S makes bottom environment completely
lifeless. So, not only salinity, but also anoxic conditions are controlling the
bottom communities (Aladin et aI., 2002).

These data indicate that after partitionof the Aral Sea, the southern part
was quickly transformed from a mesohaline to a hyperhaline water body.
Biodiversity of Large Aral changed with typical hyperhaline species
becoming dominant and mostof its former inhabitants, including fishes,
extinct. The phytoplanktonof modem Large Aral is the halophylic alga,
Dunaliella, which has become the dominate autotrophic organismof this
hyperhaline water body. This alga came into Large Aral from neighboring
hyperhaline water bodies. As in the caseof Small Aral, the Large Aral
fauna is enriched mainly by aeolian transferof resting stagesofhydrobionts
from other water bodiesof Aral region.

The rapid declineof the Large Aral level actually destroyed the deltaof
Amudarya. Unlike the deltaof Syrdarya, where, natural rehabilitation
processes began after the dam was built, rapid degradationof Amudarya
delta continues. Moreover, deltaic water bodiesof the Syrdarya are near the
Small Aral and are regularly fed with fluvial waters, while thoseof
Amudarya are far from the Large Aral and receive no regular flows. Thus
the ecological situation in the south is morecomplicated than on the
northern Aral Sea.
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Restorationof the Small Aral is possible and depends on construction of a
new dam with water locks. Increased biodiversity and productivity would
accompany rising lake level and decreasing salinity. Apparently, natural
migration of euryhaline species with fluvial waters from artificial and
natural water bodies located in the delta and lower reachesof Syrdarya will
also occur.It could be expedient to speed up this natural process by the
introductionof food speciesof some valuableof invertebrates from lakes
Kamyslybas, Zhalanash, Tuschibas etc., directly into the Small Aral. Many
aboriginal and introduced species that perished in Aral survived in deltaic
water bodies and, after the dam restoration, could be re-introduced into the
Small Sea. However, one must stress that these actions could succeed only
after the average salinityof Small Aral decreases to below 14gil.
Reintroduction at higher salinity isof no avail.
Continued desiccationof the Large Aral is almost assured. In a few years
its water area will inevitably be divided into at least 3 parts separate lakes
(Fig. IB). Tsche-Bas bay will soon be separated in the north, with a deep
basin in the west and a shallow water body in the east basin. The latter
could dry up completely by 2010 or even earlier. Separated Tsche-Bas bay
will become saline slowly more,if underground fresh waters income noted
by some authors (Radjabov, Tahirov, personal communication) are
significant. Nevertheless, sooner (2020) or later (2025), Tsche-Bas bay will
salinize anyway, because low mineralized underground waters in arid
climate lakescouldn'tcompensate evaporation for the long time.

The deepwater basinof the north will obviously exist the longest, because
it has the largest water volume and the lower area/volume ratio, and as with
Tsche-Bas bay, has some subterranean inputs from Ustjurt plateau. Such
inflows were found at Aktumsyk cape (Radjabov, Tahirov, personal
communication).It is also probable that analogous underground inflows
occur at other points along the steep shoreof Large Aral, but as usual in
arid climate lakes ground waterscouldn't compensate evaporation for the
long time. So, year after year the last partof the Large Aral will become
smaller and more saline until the stability will be reached.
Before salinity increases to 200-300gil in all these water bodies, there will
be only curyhaline halophylic species, and their number will decrease as
salinity increases. As salinity reaches 300-350 gil, only bacteria will
survive. No introductions into the Large Aral are necessary or warranted.
All hydrobionts able to survive in it are already present or could easily
come into it naturally, as resting stages or by aeolian transfer or with
migrating birds.It is well known that flamingos, eating zooplankton of
hyperhaline lakes, often transfer cysts of euryhaline hydrobionts on its
feathers and muddy feet.



154

Restoration and rehabilitation of Large Aral is practically impossible as it
would require large amountsof both the Syrdarya and Amudarya waters
which are diverted for irrigation. Syrdarya inflows to the Aral Sea have
been greatly reduced and almost nothing remainsof Amudarya inflows
because all countries in the upper basin continue to divert almost all of its
flows for irrigation. The withdrawalof river water during the next years
will increase, as peace and economic development return to Afghanistan
bringing further developmentof irrigated agriculture in this country.

Interest in restoration of Large Aral Sea is decreasing not only becauseof
deficit of Amudarya'swater, but also due to the discoveryof large oil and
gas deposits in this region. Extracting mineral resources is easier and
cheaper from playas than from marine platforms. Economic benefits of oil
development in Kazakhstan and Uzbekistan have reduced their interest in
restoration and rehabilitationof the Large Aral.

Another evidence that interest to restore the Large Aral is low is coming
from recently published documents on the projectof river Ob' redirection
to the Central Asia. In this project, strongly supported by Moscow major
Yu. Luzhkov, all water is giving only for irrigation and social needs.
Absolutely nothing left to the Large Aral Seaitself.

Finally, Large Aral reconstruction is complicated by political division
stemming from belonging to two countries and intergovernmental accords
require much time.

Fortunately, the situation at Small Aral lying entirely within Kazakhstan is
not so despairing and there is a real possibilityof rehabilitation. We hope
that the dam inBerg'sstrait will be restored and that Small Aral will rise
again. Rising water and decreasing salinity result in increased biodiversity
due to natural and possibly intentional reintroductionof fishes and
invertebrates from deltaic water bodiesof Syrdarya.If these plans are
realized, in some distant future the Small Aral could be a donor to any
restoration of the Large AraI. Such a possibility is testified to by medieval
desiccation. In IS-16th centuries the Large Aral was desiccated as now due
to irrigation development, but by the 19th century had returned from +30 m
to the +53 m. Let us hope that future generations could admire not only
Small Aral but also Large Aral Sea.

The present study was supported by INTAS grants: Aral 2000-1030, 1039
and 1053.
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1. INTRODUCTION

The Caspian Sea constantly attracts considerable attention thanks to its
natural uniqueness, resource abundance, great historical value and vital
importance to human societiesof the vast Caspian region. In these
circumstances, improving theoretical and applied knowledgeof the sea is
indispensable for addressing many complex issues. Specifically, there has
been increasing environmental concern over expanding extractionof
hydrocarbons off and on the Caspian shores. To cope effectively with
increasing releaseof oil and other contaminants into marine and coastal
ecosystems, thorough researchof the Caspian Sea in the context of water and
wildlife conservation should receive the attention it deserves. Since the
Caspian is also affected by events that occur outside the region, it could be

159

J.Csl. Nihoul et al. (eds.), Dying and Dead Seas,159-1 84.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.



160

successfullyused as an indicator of regional and even global climatic
changes,whethernaturalor human-induced.

The Caspianis the world's largestisolatedwaterreservoir. Currently its level
is at -27 m measuredagainstthe World Sea Level. The seaoccupiesan area
of 392,600krrr', with mean andmaximumdepthsbeing208 m and 1025 m,
respectively(Kosarev,1975;Terzievet al., 1992;Kosarevand Yablonskaya,
1994). The Caspian's longitudinal extent is three times larger than its
latitudinal one (1000 km vs.200-400km), resulting in great variability of
climatic conditionsover the sea. Thebiologically most productiveNorthern
Caspianis some1% of the total Caspianwatervolume(78,600krrr'), while
the deepwaterof the Middle and SouthernCaspianaccountsfor as much as
99%.

Being a relicof the ancientTethysOcean,the CaspianSea isdatedat about
10 million yearsin age andinheritedall the characteristicfeaturesof marine
basins. It differs from the 'true seas' only by itsisolation from the world's
ocean. Thehydrological regimeand watercirculation of the inland Caspian
Sea arestrongly driven by atmosphericprocessesabove the sea and its
extensivecatchmentbasin. TheCaspianthermohalinestructureand its time
variationdependheavily on heat andwaterfluxes throughthe seasurfaceas
well as onriver run-off. The actionof winds that couldbe expressedin terms
of momentumfluxes andrelativevorticity generatesthree-dimensionalwater
circulation, which further complicatesthe impact of thennohydrodynamic
processeson the sea.

2. WATER BUDGET AND SEA LEVEL

To analyzeseasonaland interannualvariability of the Caspianhydrological
regime, the mostcompletedata setof 55,000shipboardtemperature(7) and
salinity (S) profile measurementsfor the 1950-2000period has beenused
(Fig . 1) (Kosarevand Tuzhilkin, 1995). Inaddition,data on thedistribution
of hydrometeorologicalparameters,such as airtemperature,atmospheric
pressure and river run-off, for the same period at the main coastal
hydrometeorologicalstations,havebeenemployed.

The Caspian external freshwater budget is determined mostly by
relationshipsbetweenriver run-off, precipitationand evaporationfrom the
seasurface,whoseannualmeanvaluesfor the 1900-1990periodare 300, 76
and -376 km' yr', respectively (Terziev et al., 1992; Kosarev and
Yablonskaya, 1994). These three componentsdiffer in the spatial and
temporaldistributionof their contributionto theCaspianSeawaterbudget.
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Fresh waters flow mostly into the Northern Caspian, with the Volga and Ural
contributing 80% and 3%of the total river run-off, respectively. Most other
rivers drain to the Caspian western shore. Up to 30%of the freshwater
riverine flux to the sea occurs within May and June, the two high water
months. In contrast, evaporation and precipitation are spatially more
uniform. Some 70%of the annual evaporation occurs during the May to
October period with maximum values being recorded in June-August. The
seasonal distribution of precipitation is opposite to thatof evaporation. From
November to April, the Caspian Sea gets about 65%of its annual
precipitation. Coupled with lower evaporation, this results in a positive water
budget for the sea during autumn and winter.

Componentsof the Caspian heat and freshwater budgets, such as river run­
off and autumn-winter cooling, that could be expressed in termsof a winter
severity index (calculated as a sumof daily mean temperatures below zero at
Makhachkala), are subject to strong interannual variability that is
comparable to their mean annual values (Fig. 2) (Kosarev and Tuzhilkin,
2000). For example, the Volga mean annualrun-off varied in the range 150
to 350 knr' yr" during the 1900-1990 period. Variabilityof the winter
severity index for the same time interval was much greater -of the orderof
101 to 102

• Thus, significant year-to-year changesof the river run-off were
responsible for large-scale fluctuations in the freshwater budget (±50knr'
yr" for the 20th century), as well as in the levelof the Caspian Sea.

Over the past half-century, there was a regressionof the Caspian until 1977
when the sea level lowered to-29 m. This drop is considered to be the
deepest for the last 400 years. In 1978 the water level started to rise rapidly,
and now it has stabilized near the-27 m level (Fig. 3). There has been
increasing concern over the Caspian Sea level fluctuations. Estimates
provide support for the viewof these fluctuations as climatically conditioned
and show their intimate connection with componentsof the Caspian water
budget, especially Volga Riverrun-off (Terziev et aI., 1992; Kosarev, 2002).
As indicated by retrospective analysis, long-term changes in the Caspian Sea
level with an amplitudeof 2-3 meters are in full accordance with lawsof
nature (Kosarev, 2002). Such a manifestation of the 'sea breathing' should be
given proper weight in planning further offshore and coastal activities. When
assessing long-term fluctuations of the Caspian Sea level, adverse human
interventions must also be taken into account. Among them are the
irreversible lossof water from rivers within the Caspian catchment basin and
temporalshutoffof the water flow from the sea to the Kara-Bogaz-Gol Bay.
The latter is believed to be responsible for up to 20%of the Caspian
transgression in the 1980s.
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3. CIRCULATION

The patternof atmospheric circulation above the Caspian Sea is strongly
dependent upon season (Terziev et aI., 1992). In winter, the sea is under the
influence of the south-western partof the Siberian anticyclone with clear
dominanceof south-eastern and eastern winds. The summer pattern is
exactly the opposite, because it forms in response to a high pressure zone
extending eastwards from the Azores anticyclone and causing north-western
and northern winds to prevail above the Caspian Sea, particularly along its
western shore. The structureof the pressure fields over the sea is favorable
for year-round inflowof cyclonic wind vorticity. This is reflected in the
water circulation, whose features, including spatial and seasonal variations,
are largely responsible for the distributionof hydrological parameters and
suspended matter.

In the mid-1990s, new data on the seasonal and mean annual fields of the
Caspian water circulation were obtained on the basis of a non-linear
hydrodynamic model (Trukhchev et aI., 1995).It was found that the overall
water circulation can be characterized as a setof meso-scale vortices (Fig.
4). For the Middle Caspian, there is a perennial dipole system consistingof
cyclonic water circulation within its north-western part and anticyclonic
within the south-eastern part. An oppositely directed vortical dipole structure
develops in the Southern Caspian. Seasonal variabilityof these two
structures manifestsitself as interrelated variationsof location, size and
intensityof these gyres, which are quite evident up to 100 m depth. To gain
an impressionof water circulation within the deeper layers, additional
observations are needed. Mean velocitiesof currents near the centers of the
sub-basin gyres and along the contactsof oppositely directed gyres are,
respectively, 5-10 emS·I and up to 20 emS·I.

According to field observations, strong northern and southern winds typical
of the Caspian Sea are able to accelerate currents periodically up to 50-60
emS·1(Terziev et aI., 1992; Kosarev and Yablonskaya, 1994). This should be
taken into account when planning offshore development activities and
assessing environmental impacts. Within the limitsof the shallow-water
Northern Caspian, having low gradientsof the bottom topography and gently
sloping shores, storm surges are among the most environmentally important
manifestationsof water dynamics (Terziev et al., 1992). Both the western
and eastern shoresof the Northern Caspian are affected by storm surgesof
2.5-3 m or even higher, with inundated areas extending as far as 30 to 50km
from the shoreline. Such catastrophic events often result in pollution of the
sea water by oil products, agricultural chemicals and other substances.
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Figure 4. Mean annual climatic fieldof the Caspian Sea upper layer currents according to
numerical model (Trukhchev et al., 1995).
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4. SEASONAL VARIABILITY OF THERMOHALINE
FIELDS

External factors control the formationof clear annual temperature and
salinity cycles within the upper water layer (30 to 50 m) (Kosarev and
Tuzhilkin, 1997). Winter and summer conditions of the Caspian Sea differ
not only in valuesof surface water temperatures but also in the spatial
patternof the temperature field.

In winter (December-March), surface water temperature varies fromDoC
within the northern partof the sea, which is partly covered by ice, tolO­
11°C within the Southern Caspian (Fig. 5a). The Middle Caspian is fed by
colder waters moving southward along the western shore. This water inflow
is compensated bywannerintrusions from the Southern Caspian extending
mostly along the eastern shore.

Summer temperaturesof the Caspian upper water layer are 23-26°C.
However, extensive coastal upwelling zone occurs in July and August over
the easternshelf of the Middle Caspian, where the water temperatures
decrease to 18-20°C (see Fig. 5b) and even lower. The upwelling is most
severe in July and August when it impedes heatingof the surface waters and
destroys the patternof seasonal temperature trends. On the whole, upwelling
affects the dynamic regimeof the entire Caspian deepwater basin by
promoting baroclinic processes.

Vertical distribution of water temperatures in winter is relatively uniform
due to vigorous convective mixing. A sharp thermocline at a depthof 20-30
m is typical for summer conditions.It separates the upper heated layer from
the restof the water column and tends to disappear in autumn as the near­
surface waters cool. The temperaturesof the bottom layers within the deep­
sea zonesof the Middle and Southern Caspian are equal to 4.5-5.5°C and
5.8-6.5°C, respectively (Kosarev and Tuzhilkin, 2000).

Large volumesof river influx freshen the Caspian waters (Fig. 6), whose
salinity averages 12.8-12.9%0, almost three times lower than mean ocean
salinity (35 0/00). The Northern Caspian is characterized by considerable
variationsof water salinity. These range from 0.1-0.20/00 close to Volga and
Ural mouths to 10-110/00 along the boundary between the Northern and
Middle Caspian. The quasi-latitudinal frontal zone separating river and
marine waters is noted by maximal horizontal salinity gradients reaching up
to 0.5-1.0%0 km'. In the north-western partof the Middle Caspian, the
seasonal changeof water salinity is characterized by a decrease in June and



167

July due to the spread of freshened waters in the upper layerof the sea (see
Fig. 6b); during August and September the surface salinity in this region
increases and then drops again by 0.2-0.3%0 to its February minimum. By
June, the freshening effectof river discharges can be found as far as southof
Makhachkala (43°N). Further southward the advanceof the low salinity
waters becomes much slower as evaporation increases. A marked fresh
tongue penetrating to the Southern Caspian occupies only a narrow zone
along the western coast.

In the Middle and Southern Caspian, fluctuationsof water salinity are
largely insignificant, with most values lying in the 12.5-13.40/00 range. Water
salinity generally tends to increase from the north-west to the south-east in
response to the southward flowof freshened water along the western shore
and high aridityof the eastern shore. Maximum salinity levels are endemic
to the south-eastern shelf waters.

Salt distribution in mostof the Caspian water column is rather uniform
(Kosarev and Tuzhilkin, 1995, 2000). The difference in salinity between
surface and saltier bottom layers is, at most, 0.2-0.3%0, due to effective
vertical mixing and ventilationof the deep waters. Therein lies an
outstanding dissimilarityof the Caspian Sea from the Black Sea.

Autumn and winter convection present an effective ventilation mechanism
for deep Caspian waters. In winter, vertical circulation involves layers to a
depthof 150-200 m in the Middle Caspian andof 80-100 m in the Southern
Caspian (Kosarev and Yablonskaya, 1994). The colder the winter, the deeper
the water circulation. Bottom layers are mostly ventilated due to the sinking
of dense and cold waters formed over the northern and eastern shelf (such a
process is known as slope convection).It results in sinking near surface
waters to the deep basins of the Middle Caspian. Then the waters appear to
flow over the Apsheron threshold into the deeper Southern Caspian. During
the cooling period, the deep basinof the Southern Caspian also gains water
with salinity near 13%0 sinking from the extensive eastern shelf. Intense
convection promotes a compensating upliftof nutrients to the euphotic layer
and provides sufficient oxygenationof the Caspian waters, with top layers
containing 7 to 10mHI of dissolved oxygen in winter and 5 to 6mHI in
summer. In the near-bottom layers the average content of oxygen is 2-5
mHI

. However, these concentrations are subject to interannual variability
depending on the depthof mixing, which is controlled by ventilationof the
bottom waters.
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Figure 5. Caspian surface temperature in February (a) and August (b). The February field is
confined in the north by the floating ice edge.
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Figure 5 (Continued).
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Figure 6. Caspian surface salinity inFebruary(a) and August (b). TheFebruary field is
confinedin the north by the floating ice edge.
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5. INTERANNUAL VARIABILITY OF
THERMOHALINE FIELDS

Investigationof different aspectsof the interannual variabilityof the stateof
the World's Ocean waters is oneof the focal points of modem
oceanography. Along with global, quasi-cyclic changes like the El-Nino ­
Southern Oscillation or the North Atlantic Oscillation (Harrisson et aI., 1998,
Kaplan et aI., 1998), recently several aperiodic variations in the water state
have been revealed in the WorId Ocean, which were interpreted as transition
processes between stable regimes or as their temporal blocking. The best
known of such oceanic processes is a blockingof the Atlantic meridional
water circulation in theLabradorSea in the surface (Houghton and Visbeck,
2002) and intermediate(Dobrolyubov et aI., 2002) layers under high
productionof freshened water masses. This process is related to the passive
phase of the North Atlantic Oscillation, but has its own development
dynamics and is not fully periodic.

The analysisof long-term recordsof hydrometeorologicalcharacteristicsin
the enclosed seas shows that besides cyclic-type interannual variations there
are aperiodic changesof the sea waters in the formof trendsof different
duration. For example, during the last century, the bottom water salinity in
the Gottland hollowof the Baltic Sea experienced six temporal periodsof
10-20 years duration with different tendencies (Bukhanovskiy et aI., 2001).

In the beginningof the 1990s in the EasternMediterraneanSea, an important
change in the deep water formation process occurred, which resulted in the
appearanceof a new regionof deep water formation northwardof Crete (the
Crete Sea) insteadof the Adriatic Sea (Klein et aI., 1999, 2000; Theocharis
et aI., 1999). This led to the significantre-establishmentof the thermohaline
structure and circulation in the deep and intermediate layers at the most part
of the Mediterranean Sea (Malanotte-Rizzoli et aI., 1999, Wu et aI., 2000,
Blankart and Pinardi, 2001).

Recently, another important transition process was revealed in the Japan Sea
(Garno et aI., 2001, Kim et aI., 2001). In the mid-1990s, in the deep basinsof
the Japan Sea, hydrophysical and hydrochemical evidencesof blocking of
the deep-waterautumn-winterventilation were obtained. During ventilation,
the surface waters reached intermediate layers only (200-1500 m), which
resulted in the disappearanceof the well-known intermediate oxygen
minimum. The main reason for this was long-term warmingof surface
waters in winter. The process was recognized to be similar to the above
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mentioned blocking in the Labrador Sea, but the latter one has a haline
nature.

In the Caspian Sea the interannual riverrun-off dynamics and valuesof
winter severity index were found to be the key variables determining
changes in hydrological parametersof the Caspian thermohaline pattern. The
most significant shift in external thermohydrodynamic effects on the Caspian
Sea was between 1968-1977 and 1978-1987 (Kosarev and Tuzhilkin, 2000).
For these two decades, respectively, mean annual volumesof the river run­
off were 240±13krrr' and 306±11 krrr', decade-averaged indicesof winter
severity were-154±48°Cand -90±l6°C, and decade-averaged indices of
summer longitudinal air transport (calculated as atmospheric pressure
difference between western and eastern shores) were 0.0 l±O.ll Gpa and
-0.39±0.15 Gpa. Thus, the 1978-1987 decade exhibited a considerable
increase in river inflows, decrease in winter severity and enhancementof
atmospheric processes stimulating the upwelling along the Caspian eastern
shore.

The above described variationsof the external factors were also reflected in
distribution of the Caspian hydrology, as observed since 1950. According to
Figure 7, mean February temperature of the surface water layer was 0.5­
2.0°C higher in the 1978-1987 period compared with the previous decade.

Along the eastern shore, a decreaseof water temperature by 0.8-l .2°C was
observed in summer, with enhanced upwelling being considered as a main
reason. At the same time, within the north-western partof the sea, mean
temperatures for the later decade were higher (by 1°C near the Volga delta)
as compared with the 1968-1977 period. This appeared to be a result of
effective warming of large volume of riverine freshwaters.

In 1978-1987, both winter and summer valuesof surface salinity were much
lower than thoseof the previous decade (Fig. 8). This interdecadal difference
varied from 0.2-0.3%0 in the Southern Caspian to 1.0-1.5%0 in the Northern
Caspian.

Vertical thermohaline structureof the Caspian waters underwent pronounced
changes too, as clearly is demonstrated by the exampleof longitudinal
vertical T and S sections based on shipboard observations during August­
September 1976 and September 1995 (Kosarev and Tuzhilkin, 1995; Data
Report IAEA research, 1995; Tuzhilkin and Kosarev, 2003) (Fig. 9, 10).
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Figure 7. Caspian surface water temperature difference(0C) between transgression (1978­
1987) and regression (1968-1977) periods: (a) February and (b) August (Kosarev and
Tuzhilkin, 2000).
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Figure 7 (Continued) .
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Figure 8. Caspian surface water salinity difference(0/00) betweentransgression(1978-1987)
and regression(1968-1977)periods: (a) February and (b) August (Kosarev and Tuzhilkin ,
2000) .
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Figure 8 (Continued).
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(a)

Figure 9. Quasi-longitudinalvertical cross-section in salinity(%0) of the Caspian Sea as
measured in August 1976 (a) and September 1995 (b).

The 1976 sections reflect conditions of relatively long duration when water
loss dominated over water inflow. Among the major consequencesof this
situation was a nearly uniform vertical distributionof salinity within the
Caspian deepwater basin (see Fig. 9a). In winter, the absenceof sustainable
haline stratification in turn stimulated intense convective mixing, especially
in the caseof the so-called haline inversions, when high-salinity surface
waters overlaid the summer thermocline. Subsequent cooling resulted in
rapid destructionof the thermocline and sinking of the high-salinity surface
waters to deeper layers. In response to this, all the Caspian water column
below the thermocline was characterized by a uniform distributionof
temperature and salinity. The 1995 sections characterize conditions at the
end of a nearly 20-year period of the Caspian Sea when the deliveryof
freshwaters dominated over the water loss.It is not surprising that the
salinity tended to decrease throughout the whole water column and became
vertically stably stratified (see Fig. 9b).
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Figure 9 (Continued) .

Profound changes were alsorecordedin vertical thermal structureof the
Caspian waters.Owing to uplift of the lower boundary of the seasonal
thennoc1ine, itsthicknesswas more than two times less in 1995 than it was
in 1976 (see Fig. 10). At the same time, the verticaltemperatureand density
gradientswithin the seasonalthermoclineincreasedby factorsof 2 and 1.5,
respectively.The mostsignificantdrop of temperatures(more than by 1°C)
and salinity (by 0.1-0.6%0) was registeredwithin the intermediatelayer (50­
200 m). Potential densityof both intermediateand deep watersmarkedly
dropped(by 0.2-0.3 kgm"). All the describedchangesin mean values are
statisticallysignificantwith a probabilityof 90 %.
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Figure 10.Quasi-longitudinalvertical cross-sectionin temperatureCc) of the Caspian Sea as
measured in August 1976 (a) andSeptember1995 (b).

6. CONCLUSIONS

The research undertaken suggests that the Caspian thermohaline structure
responds clearly to changes in large-scale external factors, such as heat and
water fluxes through the sea surface and river run-off. Fundamental
transformationsof the Caspian hydrological parameters inevitably impact
the functioningof marine ecosystems.

The analysisof long-term (for the 1956-2000 period) alterations in the
Caspian's hydrology and interrelations within the systemof external
thermohydrodynamic factors and thermohaline structure enabled
identification of two main statesof this system. During the first one, reduced
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Figure 10 (Continued).

river run-off coupled with relatively high winter severity results in increased
ventilation, which involves the whole water column (Kosarev and Tuzhilkin,
2000). This results in a water salinity increase and vertical salinity
distribution homogenization. In parallel with vertical expansionof the
seasonal thermocline, its temperature gradient becomes weaker, whereas
deep waters become colder.

The other state corresponds to the opposite combinationof external factors
(Le., increased riverrun-offand milder winters) and is associated with stable
vertical salinity stratification, which impedes vertical diffusive exchangesof
heat and salt and disrupts regular ventilationof the near-bottom layers. The
lower boundaryof the actively ventilated zone is located at 200 - 300 m
level. In winter, intermediate layers are intensively fed by colder surface



182

waters. Coupled with a decreaseof vertical turbulent diffusion, this results in
a drop of water temperatures within the lower partof the thermocline. The
thermocline itself becomes thinner, while its vertical gradients become
stronger.

The two states lasted for different durationsof the Caspian history. While the
first state was observed during 10 years, from the late 1960s to late 1970s,
the second state persisted through 1995 (i.e., during 17 years). The duration
of these states is likely to be controlled by macro-circulation processes (such
as the North-Atlantic Oscillation) within the"ocean-atmosphere"system
(Rodionov, 1994; Nesterov, 2001).

The latterof the two states appears to be less favorable for the Caspian
ecosystem, because the increaseof vertical water density stratification is
normally accompanied by a dropof dissolved oxygen concentrations in the
deep waters along with a weakeningof the turbulence-induced supply of the
surface euphotic layer with nutrients (Katunin et al., 2000). The processes
such as diminishing of autumn-winter convection, decrease in thicknessof
the upper quasi-uniform layer and sharpeningof the summer thermocline,
contribute to concentrationof pollutants in surface waters. This poses a
serious hazard to the sensitive Caspian biota. Analysisof rapid and dramatic
changes in the Caspian hydrological regime highlights the need for complex
environmental monitoring and an adequate environmental protection system.
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Chapter8

Hydrobiology of the Caspian Sea

N.V. Aladin, I.S. Plotnikov

LaboratoryofBrackish WaterHydrobiology, ZoologicalInstitute ofRAS,
Universiteskayanaberezhnaya, I, 199034 St Petersburg, Russia

The Caspian Sea is the world's largest lake in area. Hence it is possible to
assume, that it should have the largestbiodiversityas well. The larger area
of lake, the large numberof plants and animals species lives in it. In our
opinion this correlation with the area is not direct but indirect. Certainly,
the larger areaof reservoir, the higher probability, that it will contain more
speciesof hydrobionts. However, there are no doubts, that determining
parameters in this case are also favourable conditions for water organisms,
ageof lake, diversityof biotic and abiotic conditions , presenceof necessary
and balanced amountof substance and energy (Aladin et al., 2002).

The Caspian Sea is oneof the most ancient continental reservoirs on our
planet. This lake is the remnantof the ancient, mainly epicontinental,
Parathethys Sea. Just for this reason the ageof this reservoir is estimated
quite differently by the different researchers. Some authors give figureof 5
millions years and count the age fromBalakhaniantime, others consider it
being 15 million years old and count fromLow-Sarmatiantime, and some
indicate even older ageof 25-35 millions years (Fig. 1, 2). Even accepting
a minimal valueof 5-6 millions years, as the Caspian Sea age, it will
appear rather long time for formationof unique and diverse fauna and flora
(Zenkevich, 1963; Karpevich, 1975; Aladin et al., 2002).
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Fig I . Palaeohydrographyof south-eastern Europe adsouth-westernCentral Asia in the late
Miocene-Pleistocene(by Starobogatov,1994 with changes and additions) .
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Fig. 2. Waterbodiesof the Palaecaspian (byAladin, Plotnikov, 2000 ). A - Balakhanian; B
- Akchagylian; C - Postakchagylian; D - Apsheronian; E - Turkianian; F - Baku vian ; G ­
Venedian orUshtalian; H - the Early Khazarian; I - the Late Khazarian ; J - Atelian ; K ­
the Early Khvalynian; L - Enotaev ian; M - the Late Khvalyn ian; N - Mangyshlakian; 0 ­
the New Caspian; P - the present.
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Other important featureof the Caspian Sea is an extreme diversityof
biotops , biotic and abioticconditions(Zenkevich, 1963). Firstof all water
strongly differs by salinity in different parts of this lake (Kosarev,
Tuzhilkin, 1995). In some areas,especiallythose adjoining river deltas,
water ispracticallyfresh. In other places, firstof all in the shallow gulfsof
the eastern coast (striking example isgulf Kara Bogaz Gol), water contains
large amountof salts and is evenhyperhalinefrequently, down to salinity
of salt sedimentation.In open areasof the NorthernCaspian , along north­
south transsect, salinity is smoothly increasing from fresh water in the
deltasof Volga and Ural rivers up to10-12 gil at theboundarybetweenthe
Northern and Middle Caspian. Down the east-west transsect salinity is very
sharplydecreasingfrom 60-40gil in eastern shoalsof Kazakhstanup to6­
7 gil in the centreof the Northern Caspian and up to fresh water at the
western coast near the Terek and Sulak river deltas. Average salinitiesof
the Northern Caspian Sea ispossibleto consideras being5-8 gil, and this
area,accordingto Venetianclassificationof waters by salinity, should be
consideredas mesohaline type. In open areasof the Middle and Southern
Caspian salinity conditions are more stable incomparison with the
NorthernCaspian and salinity varies from 11 up to 14 gil and only in areas,
adjoining to the river deltas becomes much lower. Average salinityof the
Middle Caspianis possible toconsider 11-12 gil, and in the Southern
Caspian - 12-13gil. Thus these areas should beconsideredas mesohaline
according to the Venetianclassification. Shallow gulfs of eastern coast
(Kara Bogaz Gol, Kaydak, Komsomoletz, Mertviy Kultuk, etc.) have
salinity ranged from13-14gil at entrancein gulfs up to values where salt
sedimentationoccurs (more than 200-300 gil) in the topsof gulfs. Thus,
these areas should beconsidered as reservoirs of hyperhaline type
accordingto the Venetianclassification(Fig 3).

Variable salinity conditions facilitate increaseof the Caspian Sea
biodiversity. Due to full salinity spectrum freshwater,brackishwater,
euryhaline and hyperhaline hydrobionts can live here, and due to the
similarity of marine and Caspian waters in relationof chemical structure
many marine organisms feel well here.It is necessaryespecially to
emphasise, that actually in theboundariesof the Caspian Sea there are three
parallel coexisting ecosystems: freshwater,brackishwater(mesohaline) and
hyperhaline, whatpromotesincreaseof biological diversity in this huge
lake (Fig. 4-5).
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February April August November

Fig . 4. Mean salinity(gil) on the surface in the Caspian Sea: February, April, August,
November.

April June

August October
Fig. 5. Mean salinity(gil) in the Northern Caspian Sea: April, June, August, October.
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Vertical stratificationof waters by salinity in the modem Caspian Sea is
weakly expressed, though salinity values at bottom differ from those on the
surface quite a little (Fig. 6). The lackof any vertical salinity stratification
facilitate good water mixing, and as a result, relatively high oxygen content
is observed now near the bottom (Fig. 7). However earlier, when the
Caspian Sea level was much higher than nowadays, the strong vertical
salinity stratification was observed, and there waspractically no oxygen
near bottom (Kosarev, Yablonskaya, 1994; Dumont, 1998). Probably
becauseof this, life in a depthof more than 100-150 m is very poor now in
the Caspian Sea. True abyssal fauna and flora are absent in this lake.
Probably today's animals and plants «remember genetically» recent
situationsof deep anoxia.It is possible to assume, that this anoxic condition
in the past has strongly reduced the modem diversity of the Caspian fauna
and flora.If there were no mass «suffocation»of deep-water inhabitants in
the periods of the ancient Caspian Sea level increases, deep-water
biodiversity of this lake cold probably be comparable with thatof the lake
of Baikal.
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In addition to strong salinity variation, temperature parameters are diverse
in the Caspian Sea as well, thus promoting biodiversity increase. The
greatnessof the Caspian more than by 1200km from North to the South
results in the strong differenceof seasonal temperatures (Fig. 8). In the
Northern Caspian up to the half of water area is covered by ice in winter,
while in the Southern Caspian temperature does not fall below+8-9°C
even in the coldest months. This kind of spatial distribution of surface
water temperature allows occurrence of both cold-water and warm-water
hydrobionts here. Besides, strong vertical temperature stratification is
observed also in the Caspian Sea. Below termocline water holds low
temperatures even in the hottest summer months. In deep sites cold-water
thermostatic condition are actually observed
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without any seasonal changes (Fig. 9). Presence of cold deep waters in the
Caspian Sea allows even to Arctic organisms to occupy their upper
horizons (Zenkevich, 1963; Kosarev, Yablonskaya, 1994) As well as in the
caseof salinity, diversity of temperature conditions in the Caspian Sea
increases it's biodiversity.It is possible to suggest that today three
ecosystem types (cold-water, moderate and warm-water) coexist in the
Caspian Sea.

February April August October

Fig. 8. Mean temperatureCC) on the surface in the Caspian Sea: February, April, August,
October.

Production characteristicof various Caspian areas are also rather different,
which, as well as in the case of salinity and temperature, results in the
biodiversity increaseof this reservoir. The Sea parts near the river deltas
are characterised by increased productivity due to organic fertilisers
brought by river outflow. Due to powerfulrun-offof Volga and Ural rivers
the Northern Caspian is considerably more productive, than the Middle and
Southern Caspian are. Some regions along the Middle Caspian Eastern
coasts are highly productive as well due to local upwelling. Thus,
productivity gradient is observed in the Caspian Sea and as a result
hydrobionts living in oligo-, meso- and eutrophic conditions can find a
suitable place to live (Karpevich, 1975).
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Four main componentsare forming thepresent fauna and floraof the
Caspian Sea:1, of Caspianorigin, 2, of Arctic origin, 3, of Atlantic and
Mediterranean origin and 4, of Fresh-water origin (Derjavin, 1912;
Knipovich, 1938; Berg, 1928;Zenkevich,1963) (Fig 10).

According to Zenkevich(1963), the CaspianSea fauna and floracould not
competewith invaders and invading fauna and flora are oftenkilling
aborigines.
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Fig. 10.Autochthones,Freshwater, Atlantic and Arctic elements in the Caspian Sea fauna.

Accordingto data fromdifferent sources, the mainhydrologicalfeaturesof
the Caspian Sea are as following (where L, length, H, width, S, area, V,
volume, D, depth):
Lmax- 1204krn,HApsheron- 204 krn,Hmax- 566 km, S - 436000km',
V - 77000krrr' , Dmax -1025 m, Dmean- 184 m.
For NorthernCaspian Sea:
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v -0.94%, S - 27.73%, Dmax- 10 m, Dmean- 6.2 m.
For Middle Caspian Sea:
V - 35.39%, S - 36.63%, Dmax- 770 m, Dmean- 175.6 m.
For Southern Caspian Sea:
V - 63.67%, S - 35.64%, Dmax- 1025 m, Dmean- 325 m.
There is a barrier between Middle and Northern Caspian Sea with depth of
no more than 200 m.
Caspian Sea basin is about 3.7 millions km2 and it is collecting about 355
krrr' of river's water.
Volga is giving mean - 270.83krrr' or 76.3%.
Kura - 17.22 km3 or 4.9%.
Ural- 13.17 krrr' or 3.7%.
Terek - 11.31 km3 or 3.2%.
Other small rivers - 42.65 km' or 11.9%.
River outflow+ Rain fall is giving 451 km'

Biodiversity of the Caspian Sea is 2.5 times lower than that of the Black
Sea, and 5 times lower than that of the Barents Sea (Zenkevich, 1963).
Probably the main reason of relatively low species diversity is changeable
salinity. For true fresh-water species salinity is too high, but for organisms
of marine origin salinity value is too low. So, conditions in the modem
Caspian Sea are favourable only for brackish-water species originating
from both marine and continental water bodies (Mordukhai-Boltovskoy,
1979; Birstein, 1939). However, in our opinion, in comparison with
freshwater lakes, diverse salinity conditions in the Caspian Sea serve to
biodiversity increase rather than to its reduction.

Fishes and Crustacea have the largest species number among all the groups
of the Caspian Sea fauna (2/3 or 63%off all recent species). The largest
species diversity of these groups is determined by their osmoregulation
capacities, which allow these organisms live in a wide rangeof salinities:
from fresh water to even more saline one, than ocean water
(Zenkevich,1963). Dominationof these two groups in the modem Caspian
Sea is another evidence that salinity strongly changed in this lake in the
past and only species with good osmoregulation capacities could survive
and give so good speciation and adaptive radiation. Probably speciation and
adaptive radiation of species with poor osmoregulation were suppressed or
decreased due to negative influence of changing salinity. Thus, modem
biodiversity of the Caspian Sea reflects complicated storyof Palaeocaspian
transgressions and regressions followed by freshening and salinization.
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The first good summary for Caspian Sea fauna and flora was published in
1963 byL. Zenkevitch, who used a lotof data published before (in 1951)
by A. Derjavin. According to this two authors 718 species: 62of Protozoa,
397 of Invertebrata, 79of Vertebrata and 170 of Parasitic organisms are
inhabiting the Caspian Sea. Without Protozoa and Parasitic organismsA.
Derjavin and L. Zenkevitch recorded only 476 speciesof free-living
Metazoa. From this species 66% originated from the surrounding Seas
(including 46%, which are endemicsof the Caspian Sea), 4.4% areof
Atlantic and Mediterranean origin and 3%ofArctic origin.

According to A. Derjavin (1951), Mordukhay-Boltovskoy (1960) andL.
Zenkevitch (1963) in the Caspian Sea faunaof Arctic origin are presented
by: 1 species of Polychaeta, 1 species of Copepoda, 4 speciesof
Mysidacea, 1 speciesof Isopoda, 4 speciesof Amphipoda, 2 speciesof
Fishes, 1 speciesof Mammalia. Atlantic - Mediterranean origin fauna are
presented by: 1 speciesof Turbellaria, 1 speciesof Coelenterata, 2 species
of Polychaeta, 1 speciesof Copepoda, 2 speciesof Cirripedia, 3 speciesof
Decapoda, 3 speciesof Mollusca, 2 species of Bryozoa and 6 speciesof
Fishes. Endemic fauna was richest and diverse.It comprised 4 speciesof
Spongia, 2 speciesof Coelenterata, 29 speciesof Turbellaria, 3 speciesof
Nematodes, 2 speciesof Rotatoria, 2 speciesof Oligochaeta, 4 speciesof
Polychaeta, 19 speciesof Cladocera, 3 speciesof Ostracoda, 23 species of
Copepoda, 20 speciesof Mysidacea, 1 speciesof Isopoda, 68 speciesof
Amphipoda, 19 speciesof Cumacea, I speciesof Decapoda, 2 speciesof
Hydracarina, 53 speciesof Mollusca, 54 speciesof fishes,H I speciesof
mammalia. Large numberof species was of freshwater origin. The played
significant role in such groups as Rotatoria, Cladocera, Copepoda and
Insecta.

Fishes and Crustacea have the largest number of species among different
groups of the Caspian Sea fauna.

According toA. Derjavin (1951) andL. Zenkevitch (1963) ichthyofauna
included 78 species. Family Petromyzonidae comprised 1 species,
Acipenseridae 5, Clupeidae 9, Salmonidae 2, Esocidae I, Cyprinidae 15,
Cobitidae 2, Siluridae I, Gadida; e I, Gasterosteidae1, Syagnathidael ,
Atheriiudae 1, Percidae 4, Gobiidae 30, Mugilidae 2, Pleuronectidae I,
Poeciliidae I species.
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According to the same authors Crustacea included over hundred
autochthonous species:
from the family Mysidae : 1 speciesof Hemimysis,4 speciesof Mysis, 1
speciesof Schistomysis,10 speciesof Paramysis,1 speciesof Caspiomysis,
1 speciesofKatamysis, 1 speciesofDiamysis,1 speciesofLimnomysis;
from the familyPseudocumatidae: 19 species;
from the other Isopoda: 3 species, includingMesidothea entomonof arctic
origin
from the family Gammaridae: 60 species;
from the family Corophiidae: 8 species;
from the order Decapoda: 5 species, including 2 aboriginal crayfishes, 2
prones introduced by man and 1 speciesof crabs that was self-introduced.

Thebiodiversityof Mollusca is also large. From 57 up to 70autochthonous
species are recorded from the Caspian Sea. Gastropoda are including
several species from 4 families: Neritidae - 2 speciesof Theodoxus,
Hydrobiidae - 3(?) species, Pyrgulidae - 26 species, Planorbidae - 1
species, that have namePlanorbis eichwaldi and that is the only one
Pulmonata endemicrepresentativein deep Caspian waters, which, strangely
enough, have gone through the periodsof deep-wateranoxy during ancient
transgression.
Bivalvia are also including several species from 2 families:
Dreissenidae- 5 species:Dreissena polymorpha, D. rostriformis, D.
caspica, D. grimmi, D. andrussovi.Cardiidae - 13-15 species:
from generaAdacna - 4 species:A. plicata, A. vitrea, A. minima, A.
lasviucula;
from generaMonodacna- 2 species:M caspia, M edetula;
from generaDidacna - 7-9 species:D. trigonoides, D.pyramidata, D.
longipes, D. barbot-de-marnyi, D. baeri,etc.

4 speciesof Porifera are known from the Caspian Sea: 2 species from
generaMetschnikovia,plus Protoschmidtiajlava and Amorphinacaspia.
CoelenterataPolypodium hydriformeis a caviar parasiteof sturgeons.
Medusa -Moerisia pallasi is an endemic species from the Caspian Sea. 3
speciesof Polychaeta from the familyAmpharetidaeare known from the
Caspian Sea.

According to data published in 1978 by A. Chesunov numberof speciesof
free-living Metazoa in the Caspian Sea is larger, 542.
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As it was shown above, the Caspian Sea fauna and flora has originated
from different sources. There are many invaders to the Caspian Sea from
the Arctic: Limnocalanus grimaldi, Mesidothea entomon glacialis,
Pseudalibrotus caspius, Pseudalibrotus platyceras, Pontoporeia afjinis
microphthalma, Gammaracanthus loricatus caspius, Mysis caspia, M
microphthalma, M macrolepis, M amblyops, Stenodus leucichthys, Salmo
trutta, Phoca caspiaand Manayunkia caspia.How and when all these
organisms came to the Caspian Sea is not known exactly. Few hypotheses
are available:
The first one proposed by S. Ekman (1916) and G. Sars (1927) claims that
it was the resultof a direct contact between Caspian Sea and Arctic Ocean.
The same idea was given by Humboldt (1915). He said that it was a strait
between Caspian Sea and Arctic Ocean. In the scientific literature this strait
is used to be named «Humboldt Strait». Today this hypothesis is forgotten
due to lackof evidence.
The second hypotheses were put forward by Grimm and Kessler (cit. by
Zenkevich, 1963). They said that arctic immigrants came from the North to
the Caspian Sea via fresh water streams. Today this hypothesis is supported
by some, but very few data.
The third one - was proposed by Guriyanova and Pirozhnikov (cit. by
Zenkevich, 1963), who suggested the Kara Sea was a sourceof immigrants.
There is no direct evidenceof this idea as well.
The last one was made by Berg. He suggested that there was «Rybnoe
Ozero»(<<Fish'sLake») (Berg, 1928), stretched from Baltic Sea to Ladoga
Lake, from Ladoga to Onega Lake, from Onega to Beloe Ozero (White
Lake), from Beloe to Sheksna River. This Berg's Lake provided connection
between the Caspian Sea and both Arctic and Baltic waters. Today some
data are supporting this hypothesis . Some modem scientists call this
hypothetical lake «Mologa-SheksnaLake» (Zenkevich, 1963). They
believe that so-called Arctic immigrants came neither from Arctic Ocean
directly, no from Kara Sea, but from the Baltic and the White Seas. All
invaders from Arctic show little or no signof speciation, what could be an
evidence of recent invasion or genetic conservatismof all Arctic
immigrants. Some scientists: Yablokov (personal communication), Dumont
(1998) and other are believe that the Caspian seal,Phoca caspica,is close
if not identical with the BalticPhoca hispida.

Planktonic crustaceans from family Cercopagidae couldobviously be
considered as northern immigrants as well. According to dataof
osmoregulation andmolecular-biologicalstudiesrepresentativesof genus
Cercopagisis impossible to consider as typical Caspian endemics.
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Actually these crustaceans are close to the groupof Arctic freshwater
immigrants to the Caspian Sea, than to the true autochthonous Caspian
fauna. In our opinion, ancestors of modemCercopagiscould penetrate into
residual reservoirsof Parathethys in the timeof Akchagylian or
Apsheronian transgressions (2.5-1.1 millions years ago). Thus, modem
Cercopagisand Bythotrephes, obviously, had common ancestor lived in
outskirts of Baltic glacial shield. The·partof ancestors, apparently, has
remained in Plaeoarctic and has given origin toB. longimanus, and another
has got in the ancient Caspian Sea, when its waters spread far to the north
up to the mouthof modem river Kama. Here, in the Akchgilian or
Apsheronian Sea, the fast evolutionof ancestral formsof Cercopagis
(accelerated by the cyclomorphosis phenomena, parthenogenetic and
gamogenetic cloning, hybridisation etc.) has begun. These specific
evolutionary processes have obviously ensured unusually fast (some more
than 1 million years) and extensive (up to 13 species) adaptive radiation in
Cercopagis(Rivier, 1998)
Invasion of freshwater organisms into the Caspian Sea took place several
times in a periods when its salinity was lowest. The most ancient invaders
among freshwater species are considered to be gastropods. The main ion
composition, which differed essentially from that in the ocean, facilitated
this process in definite degree.
Atlantic and Mediterranean immigrants came to the Caspian Sea 3 times:
1. The earliest immigrants came during Hvalynian time as early as 50

thousands years B.P. They came naturally via Kuma-Manychenskiy
strait between Black and Caspian Seas. They are 7 species:Zostera
nana, Cardium edule,Fabricia sabella, Atherina mochon pontica,
Syngnathusnigrolineatus, Pomatoschistuscaucasicus, Bowerbankia
imbricata.

2. Next waveof immigrants came in the beginning of the XX th century
or a little later. Someof the invasions were natural and some were man­
made. Naturally, without man and only by chance (probably together
with the water in small wooden boats) invaded 4 species:Rhizosolenia
calcar-avis, Mytilaster lineatus,Leandersquilla,Leanderadspersus. R.
calcar-avis has appeared in the Caspian Sea in 1930, but already in
1936 gave 2/3of total phytoplankton biomass. Deliberately by man
were introduced 5 species:Mugil auratus, Mugil salies , Pleuronectes
jlesusluscus, Nereisdiversicolor, Abra ovata .

3. Last came immigrants at the middle XX th century. Allof them came
to the Caspian Sea by Volga-Don canal that was opened in 1954.It
was only occasional (probably with boat ballast water or in fouling)
invasions. In this period more than 9 algae species and 9 invertebrate
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species occupied Caspian. These were algae Acrochaeta parasitica,
Ectochaeta leptochaeta, Enteromorpha tubulosa, E. salina, Ectocarpus
confervoides v. fluviatilis, Entonema oligosporum, Acrochaetium
deviesii, Ceramium diaphanum, Polysiphonia variegata. and
invertebrates Moerisia maeotica, Bougainvillia megas, Blackfordia
virginica Barentia benedeni, Mercierella enigmatica, Balanus
impovisus, Balanus eburneus, Rhithropanopeus harrisii, Conopeum
seurati.(Karpevich, 1975). Shortly after invasionCeramium
diaphanumbecame a dominant species in Northern Caspian Sea. Later
on some more species invaded Caspian Sea by Volga-Don canal.
Among them, 2 speciesof marine Cladocera:P/eopis po/yphemoides
and Penilia avirostris were registered by Mordukhai-Boltovskoi
(Mordukhai-Boltovskoi, Rivier, 1987) and Aladin (Harris, Aladin,
1998).

As it was shown earlier, deliberate acclimatizationof industrial and food
aquatic organisms affected essentially biodiversityof the Caspian Sea.
According to dataof Karpevich (1975), in 1930-1970 at least 9 speciesof
fishes were introduced successfully into the Caspian Sea(P/euronectes
flesus /uscus, Rhombus maeoticus, Mugil auratusand M saliens,
Ctenopharingodon idella, Hypophtha/michtys mo/itrix, Aristichthys nobilis,
Oncorhyncus keta, Oncorhynchus gorbuscha).There were some other
species introduced(Sa/mo gairdneri, Morone saxatilis, Mugil so-iuy),but
results of these introductions are still uncertain. Among invertebrate species
polychaetes Nereis diversicolor, mussels Abra ovata and shrimps
Pa/aemon e/egans (Leander squilla)were brought here from the Azov­
Black Sea basin and successfully acclimatized.

It is possible to suggest that some more species from Atlantic­
Mediterranean are invading Caspian Sea right now and scientists will
register this process in the nearest future. Ctenophore thatjust invaded to
the Caspian Sea (Ivanov et al., 2000) could become a reasonof huge
ecological catastrophe in this lake. This species negatively influenced
fishery industry in the Black Sea, basically cutting down stocksof fishes
that are preying on zooplankton. Some researchers from Azerbaijan and
Turkmenistan has already informed about another Ctenophora(Beroe
ovata)findings in the Caspian Sea.

Though these data were neither published nor confirmed properly: by
photos, figures or caught and fixed individuals. Besides ctenophores one

more medusa(Aurelia aurita)was recently found.It is not certain whether
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Beroe ovataandAurelia aurita are naturalized in the Caspian Sea. What is
absolutely certain is catastrophic population explosionof Mnemiopsis
leidyi. According to personal communication of colleagues from Iran at
present every litre of surface caspian water near Iranian coast contains more
that 109 of Mnemiopsis.Not only fishery industry but also the whole
ecosystem of the Caspian Lake is in big danger due toMnemiopsisinvasion
(Aladin et aI., 2002).

Recently two additional speciesof Black Sea origin invaded epilimnion of
the Caspian Sea. These species are planktonic Copepoda:Acartia clausi
andA. tonsa.Invaders from the Atlantic and Mediterranean will obviously
continue to appear in the Caspian Sea until a new balance between
aborigines and invaders will appear in the coming years or perhaps
decades. It is very difficult to say when this balance will appear because at
present the environment in the Caspian Sea is not stable due to changes in
climate, anthropogenic pollution and some other important aspectsof the
environmental impact. Thus changes in the abiotic and biotic components
of the ecosystem of the Caspian Sea support invaders.

Last year one more Cladocera(Moina mongolica)appeared in central water
area of Northern and Middle Caspian Sea. It is not known whether this
planktonic organism will naturalize in this lake or not.It is quite possible
that resting eggs of this Cladocera were transported by wind from nearby
salt lakes. In the Table I the complete listof invaders to the Caspian Sea is
given.

There are very many immigrants from the Caspian Sea into different basins.
According to Birshtein (1939) 44 speciesof Caspian invertebrates are
recorded in the Volga river: 1 species of Isopoda, 26 speciesof
Amphipoda, 10 speciesof Cumacea, 6 speciesof Mysidacea, I speciesof
Decapoda. 18 speciesof fishes came to Volga from the Caspian Sea as
well. The most famous immigrants from the Caspian Sea into fresh water
are:Cordylophora caspia, Polypodium hydriforme,Dreissenapolymorpha,
Hypania invalida, Hypania kovalewskyi,species from the genera
Theodoxusand Melanopsis.Nowadays more and more species from the
Caspian Sea are conquering adjusted water bodies.

Many of Caspian Sea species are invading Baltic. Hydrozoa without
medusa stage,Cordylophora caspia,invaded the Baltic Sea last century
through canals and later spread to other places. Probably this species was
the first invader from the Caspian Sea. Today this hydrozoan is a
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cosmopolitan species, living nearly everywhere. Not onlyCordylophora
caspia but also Victorella pavida became a cosmopolitan species today.
Both organisms are living today in coastal watersof North and South
America, China, Australia and New Zealand. Recently fish Roundhead
goby, some Cladocera from the generaCercopagisand some Mysidae were
recorded from the Baltic Sea. From Baltic Sea Mysidae are going into
fresh-water and into drinking-water reservoirs in Europe, whileCercopagis
went to Lake Ontario.

Dreissenapolymorphaalso came to Europe and America from the Caspian
Sea.It has happened in the beginningof XIX century, after the Dnieper­
Bug canal was open in 1803. Already in 1824 Dreissena was found in
England, then in 1826 in Holland, in 1833 in France, in 1835 in Germany
and in 1892 in Spain and Portugal. Recently in the XX century Dreissena
came to America and caused many problems as a resultof this invasion
(Starobogatov, 1994).

One speciesof Caspian Sea polychaetes,Hypaniolagraizi from the family
Ampharetidae was found ncar Woods Hall in USA coastal waters.

In our notion the real biodiversity of the Caspian Sea is still very poor
investigated for both plants and animals. There are still a lotof new species
and subspecies in it, expecting the description. Many true marine animals
like: Scyphozoa, Anthozoa, Ctenophora, Gordiacea, Gastrotricha,
Kinorhyncha, Sipunculida, Phoronidea, Loricata, Scaphopoda, Tanaidacea,
Pantopoda, Tardigrada, Asteroidea, Ophiuroidea, Echinoidea,
Holothurioidea, Chaetognatha, Ascidiacea, Appendicularia and Acrania are
not known from the Caspian Sea. But someof these organisms are capable
to osmoregulation and being most euryhaline can penetrate into the
Caspian. Many freshwater and brackish water species are living in the
estuariesof rivers flowing into the Caspian Sea.If we include these species
to the species list and will find new yet unknown species, the diversityof
the Caspian Sea could will appears to be larger than thatof Baikal Lake.
Zenkevitch (1963) mentioned some 450 speciesof free-living Caspian
Metazoa, Chesunov (1978) pointed out some 550 species, Kasymov (1987)
recorded some 950 species.It is possible to imagine that the real numberof
free-living Metazoa is some 1500-2000 species (Aladin et aI., 2001).
Speciation in the Caspian Sea has resulted in overall high levelof
endemism (about 42-46%), which is somewhat lower than that of Baikal
Lake (about 54%). The smaller numberof endemics in the Caspian Sea is
possibly connected with extinctionof the Caspian deep-water fauna. There
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is high probability that after special studies in the Caspian Sea number of
found endemic species could increase and reach that of the Baikal Lake. In
our opinion, only appearanceof deep-water anoxy conditions in the ancient
Caspian Sea during transgression has sharply reduced numberof Caspian
endemics. Only in the Caspian Sea some animal groups which underwent
big adaptive radiation show levelsof endemism close to 100%.If Caspian
deep-water endemics had survived, today the Caspian Sea biodiversity
would probably be highest in the world among continental reservoirs.

The complicated story of Caspian Sea natural resources exploitation (both
biological and mineral) in 20th century is shown in Annex.

This study was supported by Russian Fund for Basic Research 01-04­
49550.

Annex

Chronology of events in XX century influencing exploitation of fish and
other biological richesof the Caspian Sea, and events influencing
exploitation of its oil-and-gas mineral riches. Composed with reductions
and additions on materials published in "The Caspian Bulletin"No.6 (20)
1999.

Years Eventsinfluencingexploitationof fish
andotherbiological riches

1900

Eventsinfluencingexploitationof
its oil-and-gasmineralriches

Constructionof 26 oil pipelines (total
length 277 km)connectedBalakhany
industrial area with oil refining
factories in Baku iscompleted.

Azerbaijanhadoccupiedthe first
place in the world on productionof
petroleum- 11,500,000 tons per one
year.
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1901 Fishingin the openCaspianSea waters
has began inAzerbaijan.

Huge fire onApsheronpetroleum
depositslasted five days and night.
96,000 tonsofblack oil hasburned
down .

1902 Anattemptto introduceflounder
(Platichthysj1esusj1esus)in the
CaspianSea wasunsuccessful.

1904 Ichthyologicallaboratoryin Astrakhan
for studyingzooplanktonandbenthos
of the CaspianSeanorthernpart was
founded .

The First isscientific-tradeCaspian
expeditionheadedby N. M. Knipovitch.

1905

1906

1908

1909

1910

On wellsites inBalakhany,
Azerbaijan,for the first time at their
exploitation, useof compressorswas
begun.

PuttingkerosenepipelineBaku­
Batumi (length882 km,diameterof
203 mm, with 16 pumpstations)into
operation.

On Cheleken,Turkestan, for the first
time from depth 140 mpetroleum
fountain with the daily debit 24.5
tons isreceived.

Works ondrainageofagulf Bibi­
Eibat aboutBaku with thepurposeto
preventflooding ofpetroleum
depositsby watersoftheCaspianSea
have begun .

In thegulf Kara BogazGol taking
coastaldepositsof mirabilite
(Glauber'ssalt) was began.



1911 Hydrometeorologicalservice of the
Caspian Sea consistingof seven
hydrometeorologicalstations and the
central station in Petrovsk
(Makhachkala) is organised.

A jo int-stock company "Astrakhan
refrigerator" - oneof the largest firms
providing storage andtransportationof
perishable food was established .

The oil production beginning in
Kazakhstan on Emba oil field
Dossor.

For the first time in Surakhany,
Azerbaijan , rotary drilling was
applied.
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1912 The Secondscientific-tradeCaspian
expedition headed by N. M. Knipovitch.

1913
Baku ichthyological laboratory was
established.

1913 The first self-propelled transport
refrigerator has begun to serve fish
crafts on the Caspian Sea.

1914 Scientific-tradeCaspian expedition
headed by N. M. Knipovitch continued

1915 work. The huge material on hydrology
of the Caspian Sea was collected .

1915 On oil well in Ramany about Baku,
Azerbaijan, deep pumps were used
for the first time.

1918 Committee on study Kara Bogaz Gol
headed by academician N. S. Kumakov
was established under VSNH.

1919 The Astrakhan Reserve - the first in
USSR is established.

1920 Azerbaijan polytechnical institute ­
the first in Europe and Asia centre for
educationofengineers - oil industry
workers was established .
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1921 The first volumeof"Proceedingsof the
Caspian expedition1914-1915"and
monography of N. M. Knipovitch
"Hydrological studies on the Caspian
Sea in 1914-1915" were published.

Issuing the books by N. M. Knipovitch
"The Caspian Sea and its crafts" in the
series "Studies of nature and craftsof
Russian seas".

Scientific expedit ion headed by N. S.
Kurnakov was sent to Kara Bogaz Gol.
It has made a numberof works on
studying hydrology, meteorology and
hydrochemi stryof gulf with the
purposesof finding out natrium
sulphate product ion.

1922 Departmentof safety navigation on the
Caspian Sea has establishedthe Baku
seaobservatory.

1924

1925

Beginningof realisation on the Caspian
Sea seasonal (February, May, August,
November)hydrologicalsurveys on
standard sections (Baku-Krasnovodsk­
Ashurade-Astara-Baku), thus execution
of the obligations to the Internat ional
Council for studying the seas were
renewed.

Experiments on artificialreproduction
ofkutumon the river Kumbashinka,
Azerbaijan, and in Samur piscicultural
station, Dagestan were begun.

In the systemofCaspian Shipping
Company in Baku a special Bureau for
studying currents of the Caspian Sea is
created under guidanceofN. N.
Struisky (existed till 1929).

Catastrophic frosts (-25°C) in Lenkoran
lowland of Azerbaijan . Kirovgulf
(nowdays Kyzylagach gulf) has frozen.
Deathof many water birds (flamingo
died in thousand) .

Beginningof trade fisheryof Caspian
sprat.

Industrial productionof natrium
sulphate in many sites ofgulf Kara
Bogaz Gol coast began.

The first in the world petroleum from
the Caspian Sea shelf - gulf Bibi­
Eibat - is received.

Beginningof experimental works on
mastering sea depositsof petroleum
on the Caspian Sea. Under the
initiative of S. Kirov in lIyich bay on
artificial island the sea well was
layed.
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1927

1928

1929

Maximal in XX century Volga run­
off- 390.6krrr' per one year.

AgreementbetweenIran and Russia
about granting to Russia the right on
exploitationof fish resources at the
southern coastof the Caspian Sea. On
the basisof theAgreementthe first
Soviet-Iranianfishery company"Shilat"
wasestablished(existedtill 1953).

On the basisof Astrakhan
IchthyologicalLaboratorythe Volga­
Caspian Scientific Fishery Station was
established.

KyzylagachReserve (in the samegulf
of the Caspian sea,Azerbaijan
Republic) was founded forprotectionof
winteringaquatic andsemi-aquticbirds.
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VSNH ofUSSR has accepted
decision aboutincreasingchisel
investigationon Cheleken,which
results haveconfirmedthe forecastof
academicianI. M. Gubkin about
presenceof petroleumstocks in
Turkmenistan.

Trust "Karabogazsulphate",carrying
out industrialmanufacturing
(productionandprocessingof
Glauber'ssalt and natrium sulphate
from surface brainsof gulf) was
organized.

1930 Departmentof United
HydrometeorologicalServiceof
AzerbaijanSSR and theCaspianSea
wasestablished.

Fishery studies of Caspian herring
expedition.

Beginningofworks on theresettlement
of Black Sea mullets - Mugil auratus
Risso andM. saliensRisso in the
Caspian Sea.

Microscopicplankton algaRhizosolenia
penetratedinto the Caspian Sea. In
1934-1936it has received so mass
development,that any other
representativeof Caspian aboriginal
phytoplanktonflora could not be
comparedwith it.
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1930­
1931

1931­
1932

1932­
1934

1933

1934

Negative resultof attempts to introduce
kalkan floundertPsettamaeotica)in the
Caspian Sea.

All-Caspian scientific fishery
expeditionworked (till 1934).

Unsuccessful attemptofkhamsa
anchovy(Engraulis ensrasicolus)and
sultanka(Mullus barbatus)
acclimat ization in the Caspian Sea.

Sessionof Acad. Sci.of USSRspecially
devoted to the problemof Volga­
Caspian .It was recognised necessary to
carry out developing problemof partial
transferof northern rivers run-off into
the basinof Volga and the Caspian Sea.
Volume of transfer wasdeterminedas
50 knr'.

Gasankuli Reserve inTurkmenianSSR
wasestablishedfor protectionand
studyihg wintering placesofaquatic
andsemi-aquaticbirds (includes all
shoalsof theSoutheastCaspian) .

Commissionfor complex studyof the
Caspian Sea wasestablishedunder
Acad. Sci.of USSR (CASP) . Its task
was co-ord inationofall works carried
out by academic institutions on
studying the Caspian Sea and
consultingotherorganisations on these
problems. Commission was headed by
N. M. Knipovich .

XVII CongressofCPSU(B)­
"Congressof the winners" . Approvalof
the Second five years' plan.I. V. Stalin
has told: "the task is to begin serious
work on organisingTrans-Volgaregion
irrigation". After that there was an idea
of academicianI. G. Alexandrovto
isolate gulfs Kara Bogaz Gol and
Komsomoletzfrom the Caspian Sea.

Catching mullets in the Caspian sea was
allowed , as it has got industrial
importance.

On Artem island,Azerbaijan,
sectional drilling , at which some
wells are holed from one platform,
was carried out for the first time.



L.S. Berg has come to conclusion, that
in all historical period the Caspian Sea
level did not rise even by 5 m above the
level of 1925 (-26 m).

The first scientificexpeditionto the ice
of the Northern Caspian.

1935

1937 Beginningof the StateHydrological
Institute works under supervisionofB.
D. Zaikov on the studying the Caspian
Sea level dynamics .

Minimal in XX century run-offof
Volga - 149.6knr' per one year.

1938 New methodof hypophysisinjections
of sturgeons elaborated in St.
PetersburgUniversityby Prof. N.L.
Gerbilsky . This method allowed mass
reproductionof sturgeons in fish farms.

1939 XVIII Congress of CPSU(B). Approval
of the Fird five years ' plan (1938­
1942). The problemof the causesof the
Caspian Sea level fluctuationsreceived
special importance. XVIII Congress has
decided : "In the third five years to
develop planof complex reconstruction
of the rivers: Volga, Don andDnieper
to prepare measures to maintain the
Caspian Sea level and to begin
constructingVolga-Donconnection".
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I. M. Gubkin has put forward and has
proved an ideaof the sea areas
investigationfor petroleum.

In the area ncar Artem island,
Azerbaijan, the first on the Caspian
Sea metal basis for chisel works was
build.

Developmentof large petroleum
deposit Izberbash(Dagestan)has
begun .
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Beginningof extensiveexperimental
researchesunderthe guidanceof Prof.
L. A. Zenkevichon studying
(acclimatization)Azov and Black Sea
fauna; thegroupof speciesfor
resettlementfrom the Azov Sea into
Caspianwas planned,amongthem on
the first place(61,000individuals) was
polychaeteworm - Nereisdiversicolor
Muller cjJbl a perfectforagefor
sturgeonsand otherfishes (casually
insteadof plannedfor acclimatisation
N. succinea).

1940 Work onresettlementof 18,000
individualsof molluscAbra ovataPhil.
in the CaspianSea.

1941 Azerbaijanhasextracted23,500,000
tons - recordfor all history of oil­
extractingindustry in USSR.

1943 Beginningof Makhachkalapetroleum
deposit,Dagestan,development.

Start-upof oil refining factory in
Krasnovodsk,Turkmenistan,on the
basisof evacuatedTuapsefactory
equipment.

1946

1947

By instructionsof USSRGovernment
B. D. Zaikov hascarriedout
fundamentalstudies(was begunin
1937)of the CaspianSea leveldecrease
causes(by 1.75 m) forperiod 1930­
1945.

The first oil pipeline in Turkmenia­
Kumdag-Vyshka(length40 km) was
put into operation.

Oil field "PetroleumStones"was
discoveredon theCaspianSea in
Azerbaijan.



1948 DecisionofCouncilof Ministersof
USSR and CC CPSU(B)"About the
plan of shelterbelt forests,introduction
of grassland crop rotation,construction
of ponds and reservoirs formaintenance
ofhigh and steady crops in steppe and
forest-steppe areasof the Europeanpart
USSR", so named"Stalin's planof
naturetransformation".

Volga-Caspianscientific-fisherystation
was transformed into the branchof
VNIRO .

Decisionof Council of Ministersof
USSR "About measures intensify ing
petroleum depositsinvestigationin
TurkmenianSSR".
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1949 The first sea petroleum from theshelf
deposit on the Caspian Sea
"PetroleumStones" was received.
Beginningreadoutof the historyof
seapetroleumproductionin
AzerbaijanRepublic.

1951 B. A. Apollov has drawn conclusion
that in the past the levelof the Caspian
Sea stood below the modern and lower
levels in general arepeculiarto it, than
higher.

1952 Openingof theVolgodonsknavigable
channel in the nameofV . 1.Lenin
(Length 101 km, 9 sluices, total height
ofrise- -8 m).

The most powerful registered water
flood on the Caspian sea. As a result in
some cities at the coast water has risen
by 4.5M, and between mouthsof Volga
and Ural the sea has move forward into
the continent by 30 km(NovemberII).

1959 Discoveryof Okarempetroleumand
gas deposit,Turkmenia.
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1961 Hydrometeorologicalserviceof USSR
has accepted decision to give
characteristicsof the Caspian Sea level
by its exceedingabove the uniform zero
of post, which for Caspian is equal -28
m (average weighted sea level for
Pleistocene time) relatively the zero
Kronstadt tide-gauge ("the Baltic
systemof heights", 1950).

1963 The large petroleum deposit
Sangachaly-Duvanny,Azerbaijanis
discovered .

1964 Industrial catchof sturgeon in the open
(Caspian) sea was prohibited .

Reconstructionof the Volga-Baltic
way, connectedthe Northwestwith the
central and southern basins (the Caspian
Sea), iscompleted.

1965 The Caspian Fishery Research Institute
(KaspNIRH)in Astrakhan is
established.

I966 The first testsofairfoil boats on the
Caspian Sea. In the West they were
named"CaspianMonsters".

1968

1970

Caspianornithologicalstation was
established(in the systemof Astrakhan
Reserve).

DecisionofCouncil of Ministersof
USSR"About measures for Caspian
pollution prevention"was accepted.

For the first time on the Caspian Sea
theself-elevatingdrilling rig was
used.

The Ministry of Petroleum Industry
of USSR has divided the Soviet part
of the Caspian Sea on sectors
betweenAzerbaijan,Kazakhstanand
Turkmenistan.In a basisof definition
the medial line was taken .
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1971 Acceptance"Convention(Ramsarian)
aboutwater-marshlands, having the
internationalimportance,mainly as
inhabitingplacesof waterbirds"
(Ramsar, Iran) with thepurposeof
preservationof the worldwater-marsh
lands(RussianFederationhas ratified it
in 1975).

1972 On the Caspian Sea there are 1880
steel islands , and also piersof length
more than 300 km.

1973 The first in the worldnuclearwater­
electric power station withdesalterof
productivity 120thousandm3 per day
was put intooperationin Shevchenko
city, Kazakhstan.

1974 Kazakhstanhasacceptedthe decision
establishingin the northernpart of the
CaspianSeareservedzone .
Developmentof mineral resourcesin
coastal zone wasforbidden.

1975 Decisionof Council of Ministersof
USSR about thestatementof a reserved
zone in the northern partof the Caspian
Sea.

Decisionof Council of Ministersof
USSR"About measures on maintaining
performanceof Soviet obligations
following from RamsarConvention".

Scientificcentre"Caspian"and
CaspianBiological Station were
establishedIn Azerbaijan.

1976 Decisionof CC CPSUand the Council
of MinistersofUSSR"About
realisationofcomplexresearchesfor
scientificsubstantiationof volumesand
sequenceof works onterritorial
redistributionof waterresources".

Astrakhangas-condensatefield
(balancetaken stocksof free gas
made at01.01.92­
2,695 ,000,000,000 m3, condensate­
425,000,000tons) wasdiscovered.
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At XXY CongressofCC CPSU the
First secretaryCC CPof Turkmenistan
M. P. Gapurov has raised the question
about necess ity to regulate the Caspian
watersrun-off into gulf Kara Bogaz
Gol.

1977

1978

1979

The lowest level (-29.03 m)of the
Caspian Sea in XX century .

Council of Ministersof USSR has
accepted Decision"About additional
measures on the protectionof the
Caspian Sea against pollution".
Complete terminationofwastewater
dump into the riversof the Caspian Sea
basin to 1985 wasprovided.

For the Caspian waters economy with
the purposeof the sea level
maintenancedecision about separation
of gulf Kara Bogaz Gol was accepted.

The state commissionofexpertsof
USSR State PlanningCommitteehas
rejected the feasibility report on
hydroschemein strait Kara Bogaz Gol
andrecommendedblocking it with solid
dam.

On the Caspian Sea the Systemof
Heightsof 1977 yearrelatively the zero
of Kronstadt tide-gauge is entered .

For the first time on the Caspian Sea
deep-water(84 m) astationarysea
platform for drilling onpetroleum
was established .

Accident onshelfoil field Bakhar,
Azerbaijan .

Discoveryof the largest in the world
Tengiz oil field in Western
Kazakhstan at the Caspian Sea coast
(taken stocks 781,100,000 tons).

1980 Gulf Kara Bogaz Gol has been blocked
with solid dam (levelof brine in the
gulf by 3.5 m below the Caspian level).
Area of thegulf were 9500km' , volume
of surface brine - 20-22krrr' , average
depth - 2.1 m (here and there 3-3.5
m).

1981 Beginning discussionof the projects on
the Caspian sea "rescue" from predicted
shallowing.

















































































































































































































































Chapter14

GENETIC TRACES OF ENVIRONMENTAL
VARIATIONS IN ANCIENT LAKES

Sergei v.Semovski and Dmitry Yu.Sherbakov

Limnological Institute Siberian Branch Russian Academy of Sciences, Ulanbatorskaya, 3,
Irkutsk, 664033, Russia

Erik Verheyen

RoyalBelgian InstituteofNatural Sciences, Rue Vautier,29,Brussels, B-lOOO, Belgium

1. INTRODUCTION

Ecosystemsof deep ancient intercontinental lakes during their long history
went through different stages of development. Due to geological
transformations and global climatic variability environmental conditions
became more or less favourable for water organisms. Some lakes changed
their state from being dead into being alive and back. Modern data on DNA
structure can serve as a source of information on the evolutionary historyof
species beyond the sequenceof speciation events. Correlation of genetic
dating and environmental history in ancient lakes will provide new
information on ecological consequencesof variations in lakes regime and
can be used as a sourceof knowledge of possible future changes in
lacustrine ecosystem.
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Chapter 15

HYPOXIA AND THE PHYSICS OF THE
LOUISIANA COASTAL CURRENT

Wm. J. Wiseman, Jr.

Coastal Studies Institute, and Department 0/ Oceanography and Coastal Sciences,
Louisiana State University, Baton Rouge, LA 70803

N. N. Rabalais

Louisiana Universities Marine Consortium, 8124 Highway 56, Chauvin, LA, 70344

R. E. Turner, and D. Justic

Coastal Ecology Institute, and Department ofOceanography and Coastal Sciences,
Louisiana State University, Baton Rouge. LA 70803

1. INTRODUCTION

The Mississippi River is the largest river in North America. It drains 2.979
106 krrr', including 41% of the lower 48 United States and parts of two
Canadian provinces. The effluent from this system is debouched into the
Gulf of Mexico through the modem birdfoot delta of the Mississippi River
and through a secondary outlet, the Atchafalaya River delta. Under the
influence of the Coriolis force, a significant portion of these waters flows
westward along the Louisiana coast as the highly stratified Louisiana
Coastal Current (Wiseman and Kelly, 1994). Each summer, hypoxic or,
occasionally, anoxic conditions develop beneath the associated halocline.
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